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Obtain N tissue-specific methylation levels at
N genomic sites, for each of M tissue types

120

130 Receive biological sample including a mixture of celi-
’ free DNA molecules from the M tissues types

.................................................

Anatyze cell-free DNA molecules from the biological
140 sample to identify their locations in a reference
genome corresponding to the organism

- Measure N mixture methylation leveis at the N genomic
150 | sites using cell-free DNA molecules that are each located |

at any one of N genomic sites of the reference genome
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- Solve for M values of a composition vector that
160 ~ provide the N mixture methylation levels given the
NxM tissue-specific methylation levels

170 Use the composition vector to determine an amount of
each of the M tissue types in the mixture
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----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

o Anaiyze celi-free DNA moiecules fmm the bnologacel N
1310 ~ sample to identify their locations in a reference 1300
genome and to determine respective alleles

- Determine a first haplotype and a second haplotype of |
1320 | afirst chromosomal region of a first parental genome

identify one or more heterozygous loci, each having a first allele

1330 on the first haplotype and a second aliele on the second haplotype

1 Identlfy a first set of cell-iree DNA molecules, each located
1340 -~ at any one of the heterozygous loci, including a respective |
- first allele, and mcludmg at Ieast one of N genomic sites |

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

B 2 ::::i""é

1330 sstes usmg the farst set ef celi free DNA moiecules

Determine a fnrst fract:onal contnbution of the fetal tlssue

1360 type in the mixture using the N first methylation levels

~ ldentify a second set of cell-free DNA molecules, each located
1370 atany one of the he’terezygous loci, including a respective

P odm e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e A e ae,

1380 | Measure N second mixture methylation levels at the N ,
genemlc s&tes usmg the second set of ceil free DNA molecules

P e e A L e e e e L e e L e A e e e A e e e L R e e e e A e e e A e e e e A e e e e A e e e e e e A e e e e e e e e e A D e e e e e e e A e A e e e e e A e A e A e A e e e e e e e e e e e e A e e e e e e e e e A e A e e e A e A e e A A A A A A A A A A A A A A A A A A a Ay

Determine a second fractional contribution of the fetal tissue

1385 . L AR |
type in the mixture using the N second methylation levels

. Compute a first separation value between the first fractional |

1390

5 contribution and the second fractionai contribution

1305 ~ Determine the portaon of fetal genome at the one or more ’

____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

FIG. 13
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Analyze cell-free DNA molecules from the b:ologacai 1400
sample to identify their locations in a reference

1410 genome and to determine resp.eCtl-Ve alleles

. . Determine a first hapiotype and a second haplotype of a
1420 first chromosomal region of a first parental genome

A T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T W T T W

~ Identify a plurality of heterozygous loci, each |
1430 havmg a first allele on the first haplotype and
-  asecond allele on the second haplotype

-~ ldentify a first set of celi-free DNA molecules, each located
1440 | at any one of the heterozygous loci, including a respective
= first allele, and including at least one of N genomic sites

Measure a first mixture methylation level using

1450 the first set of celi-free DNA molecules

| ldentify a second set of cell-free DNA molecules, each located
1460 atany one of the heterozygous loci, including a respective
. second allele, and including at least one of N genomic sites

B o e e T T T T I T S R S W T S T S I I T I T R T S i R S W S W S S i T T W S i T T I T R I T I S S R S T T S T W R T T I TR I T S i I S R S W S S T W S I R I T R T T W T R i e e e e e T e i T T T T I T I I S R I S W S W R S i W T I R I T T I T R I R W SR W W S W W T I W T T T W T W T W W T W W W W W W W W W W W W W W W T W W W W W W W W W W W W

Measure a second mixture methylation level using the

1470 second set of cell-free DNA molecules

LmLn;-LmLn;-&:&-L-LmL-L-LmLn;-LmLn;-LmL-L-LmL-L-LmLn..-.a.-.a.-.-.-.a.-.a.-...-.-.-.a.-...-.a.-.a.-...-.a.-.a.-.-.-.a.-.a.-...-.a.-.a.-...-.a.-.a.-...-.a.-.a.-...-.a.-.a.-...-.a.-.a.-...-.a.-.a.-...-.a.-.a.-L-LmL-L-LmL-L-LmL-L-LmL-L-LmL-L-LU-L-LEL-L-1

Determme which of the first haplotype and the second haplotype is
1480 inherited by the fetus based on which of the first mixture
- methylation level and the second mixture methyiation level is iower

I.r r——r r——r r——r

FiG. 14
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------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

o Anaiyze celi-free DNA moiecules from the blologlcal B
1710 ~ sample to identify their locations in a reference 1700
* genome and to determine respective alleles

~ Determine a first target haplotype of a target region and a first

1720 reference haplotype of a reference region of a first parental genome | 1

1730 ldentify a plurality of target heterozygous loci, each
' . having a first target allele on the first target haplotype

Identify a target set of cell-free DNA molecules, each located at
1740 | any one of the target heterozygous loci, including a respective
- first target allele, and including at least one of N genomic sites

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Measure N first mixture methylation levels at the N genomic

1730 sites using the target set of cell-free DNA molecules
1760 ; Determme a flrst target fractlonal contnbut:on of the fetal

tlssue type in the mixture using the N first methylation levels

1770 ldentn‘y a plurality ot reference heterozygous loci, each havmg _
' ’ a first reference allele on the first reference haplotype

1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

ldentify a reference set of celi-free DNA molecules, each located at
any one of the reference heterozygous loci, including a respective
first reference allele, and including at least one of K genomic sites

1775

, Measure K reference mixture methylation levels at the K genomic
1780 . sites using the reference set of cell-free DNA molecules '

= Determine a first reference fractional contribution of the fetal
1785 . . e . | | | L :
tissue type in the mixture using the K reference methylation levels

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

1790 Compute a first separation value between the first target fractional
' contribution and the first reference fractional contribution

Iq- 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444
I = F i

. Compare the first separation value to a threshoid value to
1795 | determine a classiﬁcation of whether the fetus has a

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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' Analyze cell-free DNA molecules from the biological | 1900
1810 sample {o identily their locations in a reference ’
’ genome and to determine respective alleles

Identify one or more loci, each having a first allele on a
1920 | particular haplotype of a first chromosomal region, the
' haplotype having a signature for a tissue type

ldentify a first set of cell-free DNA molecules, each iocated at
1930 | any one of the loci, including a respective first allele, and
| including at least one of N genomic sites

-~ Measure N first mixture methylation
4G40 ' levels at the N genomic sites using the
' - first set of cell-free DNA molecules

' Determine a first fractional contribution of
1950 the first tissue type in the mixture using |

1960 Compute a separation value between the first fractional
Y1 contribution and a reference fractional contribution

- Compare the separation value to a threshold
1970  Vvalue to determine a classification of whether
| the first tissue type has a disease sfate

............................................................................................................................

FIG. 19
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Analyze cell-free DNA molecules from the biological 2100
2110 sample to identify their locations in a reference |

genome and to determine respective alleles
"""" Identify a first chromosomal region as
 exhibiting a copy number aberration |

O T i e T T S T O A T N T i R S T A A A A T T T T D A N T I R R A e A A T e e S R R o R L T T I R i T N A A N N S T e e 4

~ Determine a first haplotype and a second haplotype of |
2120 the first chromosomal region of a first parental genome

A T T W T T T T T T T W T T W T T T W T W T T T W T T W T W T T T W T W T T W M T T W T W W T T W W T T T W W T T W T W T T T W T T W T T T W T T T T W T T W T T W T W T T T W T T W W T W T M W T M T T T W T T W T W W T T WM W T W T M W T T W T T W T T W T T W T T WM M T M T T W T T W T T M T T M T T M T T T TITTITTITITITITIETRITITTITITIWT T g

2130 ¢ lIdentify one or more heterozygous locl, each having a first allele |
- on the first haplotype and a second allele on the second haplotype

§ identify a first set of cell-free DNA molecules, each located at 1
2140 ~any one of the loci, including a respective first allele, and
§ including at least one of N genomic sites

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

2150 | Measure N first mixture methylation levels at the N genomic
| sites using the first set of cell-free DNA molecules

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

, ~ldentify a second set of ceii—-free DNA molecules, each
2160 ~ located at any one of the loci, including a respective second
ﬁ allele, and including at least one of N genomic sites

e o W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W e W T W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W

---------------------------------------------------------------------------------------------------------------------------------------------------------------------

2170 Measure N second mixture methylation levels at the N genomtc -
| sites using the second set of cell-free DNA molecules

e e & L ?
For each of M lissue types «
— Y
2180 | Determine first fractional contributions using the N first
maxture methylation levels and second fractional contributions
using the N second mixture methyiation levels '

2180 | Compute separation value between corresponding first
- fractional contribution and second fractional contribution

. ldentify the first tissue type as being an origin of the copy
2195 | humber aberration based on a first separation value of the
5 first tissue type having a highest value among the
corresponding separate values
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1

METHYLATION PATTERN ANALYSIS OF
HAPLOTYPES IN TISSUES IN A DNA
MIXTURE

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims prionty from and 1s a
nonprovisional application of U.S. Provisional Application
No. 62/194,702, entitled “Methylation Pattern Analysis Of
Haplotypes In Tissues In A DNA Mixture” filed Jul. 20,

2013, the entire contents of which are herein incorporated by
reference for all purposes.

BACKGROUND

It has previously been demonstrated that through the
analysis of plasma DNA of a pregnant woman carrying a
fetus, the maternal haplotypes inherited by the fetus can be
deduced using the process of relative haplotype dosage
analysis (RHDO) (Lo et al. Sc1 Transl Med 2010; 2: 61ra91
and U.S. Pat. No. 8,467,976). The haplotype information for

the pregnant woman can be used. The haplotype information
can be obtained using family analysis or a method for the
direct analysis of the haplotype (e.g. Fan et al. Nat Biotech-
nol 2011; 29: 51-57; Snyder et al. Nat Rev Genet 2013; 16:
344-358). SNPs that are heterozygous in the mother but
homozygous in the father can be used for the RHDO
analysis.

Such a use of specific SNPs can limit the loci that can be
used, and therefore limit the amount of data and accuracy.
Such use of specific SNPs may also limit the climical utility
of the method as DNA samples from additional family
members may not be available, and methods for the direct
analysis of haplotypes would add costs to the analysis.

BRIEF SUMMARY

Embodiments are described for determining the contri-
butions of different tissues to a biological sample that
includes a mixture of cell-free DNA molecules from various
tissues types, €.g., as occurs 1n plasma or serum and other
body fluids. Embodiments can analyze the methylation
patterns of the DNA mixture (e.g., methylation levels at
particular loc1) for a particular haplotype and determine
fractional contributions of various tissue types to the DNA
mixture, e.g., of fetal tissue types or tissue types of specific
organs that might have a tumor. Such fractional contribu-
tions determined for a haplotype can be used 1n a variety of
ways.

In some embodiments, two fractional contributions of a
tissue type can be determined using methylation levels of
two sets of cell-free DNA molecules from a maternal
sample, each set being for a different one of two parental
haplotypes of a parent of a fetus, for a chromosomal region
being analyzed. In various implementations, the maternal
sample can be the plasma or serum sample from a woman
pregnant with one or more fetuses. The two {ractional
contributions can be used to i1dentily a portion of the fetal
genome. For example, a separation value between the two
fractional contributions of fetal tissue can indicate the fetal
genotype at a locus and can indicate which of the two
parental haplotypes 1s inherited by the fetus. For instance,
the higher fractional contribution can indicate the inherited
haplotype, and both can be inherited if the separation value
1s less than a threshold; both haplotypes could be inherited
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2

when both parents share the haplotype (or allele for a
genotype) for the region being analyzed.

In some embodiments, only one fractional contribution of
fetal tissue 1s determined for one haplotype. When the one
fractional contribution exceeds a reference value (e.g., as
determined from other samples), the fetus can be determined
to have inherited the one haplotype for the region being
analyzed.

In some embodiments, two methylation levels can be
determined for two sets of cell-free DNA molecules from a
maternal sample, each set being for a different one of two
parental haplotypes of a parent of a fetus, as part of
identifving a portion of the fetal genome. The two methyl-
ation levels can be compared to each other to 1dentify which
haplotype 1s mherited by the fetus, e.g., by which methyl-
ation level 1s lower. For example, a fetus contributes cell-
free DNA molecules that are hypomethylated, and a mea-
surement ol a lower methylation level of one haplotype
indicates that the one haplotype 1s inherited by the fetus.

In some embodiments, a sequence imbalance can be
detected for a target chromosomal region of a fetus using a
mixture ol cell-free DNA molecules from a plurality of
tissues types. Target heterozygous loci can be 1dentified for
the target chromosomal region having a first target haplotype
and a second target haplotype having diflerent alleles. A first
target fractional contribution of the fetal tissue type in the
mixture can be determined using methylation levels at the
target heterozygous loci, where the methylation levels are
determined using a target set of cell-free DNA molecules
located at (i.e., covering) the loci of the first haplotype.
Similarly, a first reference fractional contribution of the fetal
tissue type can be determined. A separation value of the first
target fractional contribution and the first reference frac-
tional contribution can be compared to a threshold value to
determine whether the fetus has a sequence imbalance. If the
two fractional contributions are significantly different, then
a sequence imbalance can be determined. The specific
threshold being used can depend on the specific sequence
imbalance (e.g., an amplification or a deletion) being tested.

In some embodiments, a {fractional contribution of a first
haplotype 1n a first tissue type can be used to determine
whether the first tissue type has a disease state. The first
haplotype can have a signature specific to healthy cells or to
abnormal cells. Thus, the first haplotype can be not present
in healthy cells of the orgamism, or present 1n healthy cells
of the organism and not present 1n abnormal cells that may
be 1 the mixture. A separation value between the first
fractional contribution and a reference fractional contribu-
tion can be compared to a threshold value to determine a
classification of whether the first tissue type has a disease
state.

In some embodiments, the tissue origin of a copy number
aberration can be determined using methylation deconvolu-
tion. A first chromosomal region can be 1dentified as exhib-
iting a copy number aberration. The haplotypes 1n the first
chromosomal region can be determined. For each of M
tissue types, a corresponding separation value between the
corresponding first fractional contribution and the corre-
sponding second fractional contribution can be determined.
The tissue type with the highest separation value can be
identified as the tissue of origin.

Other embodiments are directed to systems and computer
readable media associated with methods described herein.

A better understanding of the nature and advantages of
embodiments of the present mvention may be gained with
reference to the following detailled description and the
accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flowchart 1llustrating a method of analyzing a
DNA mixture of cell-free DNA molecules to determine
fractional contributions from various tissue types Irom
methylation levels according to embodiments of the present
invention.

FIG. 2 shows a schematic diagram showing several poten-
tial applications of DNA methylation deconvolution (e.g.,
using plasma) and its applications according to embodi-
ments ol the present invention.

FIG. 3A shows a graph of percentage contributions of
different organs to plasma DNA for 15 pregnant women
according to embodiments of the present invention. FIG. 3B
shows a plot 350 of a correlation between the plasma DNA

fractions contributed by the placenta deduced from plasma
DNA methylation deconvolution and the fetal DNA {rac-
tions deduced using fetal-specific SNP alleles according to
embodiments of the present invention.

FIG. 4 shows a table of percentage contributions deter-
mined from a plasma DNA tissue mapping analysis among,
pregnant women according to embodiments of the present
invention.

FIG. 5 shows plots of percentage contributions of organs
other than the placenta by plasma DNA tissue mapping and
fetal DNA fractions based on {fetal-specific SNP alleles
according to embodiments of the present invention.

FIG. 6 shows a table of percentage contributions from
plasma DNA tissue mapping analysis among the non-preg-
nant healthy control subjects according to embodiments of
the present imvention.

FIG. 7 shows a table of the estimated contributions of
different organs to the plasma DNA for 11 pregnant women
and 4 non-pregnant healthy subjects using the first set of
markers (with high organ specificity) according to embodi-
ments of the present invention.

FIG. 8 shows a table of the estimated contributions of
different organs to the plasma DNA for 11 pregnant women
and 4 non-pregnant healthy subjects using the second set of
markers (with low organ specificity) according to embodi-
ments of the present invention.

FIG. 9A 1s a plot showing the correlation between the
estimated fetal DNA fraction (contribution from the pla-
centa) and the fetal DNA {fraction determined by counting
the fetal-specific alleles 1n the maternal plasma samples.

FI1G. 9B 1s a plot showing absolute diflerence between the
estimation from methylation markers and fetal DNA fraction
determined by fetal-specific alleles counting.

FIG. 10A 1s a graph showing placental contribution to
plasma DNA deduced using markers with different selection
criteria according to embodiments of the present invention.
FIG. 10B 1s a graph showing the accuracy of plasma DNA
deconvolution using markers with low vanability (category
1) and high vanabaility (category 11) 1n the same type of tissue.

FIG. 11A shows a first scenario where the fetus has
inherited the M allele from the mother and has a genotype
of MN at a particular locus according to embodiments of the
present invention. FIG. 11B shows a second scenario where
the fetus has inherited the N allele from the mother and has
the genotype of NN at a particular locus according to
embodiments of the present invention.

FIG. 12A shows a determination of a maternal haplotype
inherited by a fetus using methylation deconvolution accord-
ing to embodiments of the present invention. FIG. 12B
shows an 1llustration of the paternal haplotype methylation
analysis according to embodiments of the present invention.
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FIG. 13 1s a flowchart illustrating a method 1300 of
determining a portion of a fetal genome from a maternal

sample using methylation deconvolution according to
embodiments of the present invention.

FIG. 14 1s a flowchart illustrating a method 1400 of
determining a portion of a fetal genome from a maternal
sample using methylation levels according to embodiments
of the present invention.

FIG. 15 shows chromosomal aneuploidy detection based
on haplotype deconvolution for maternal haplotypes accord-
ing to embodiments of the present invention.

FIG. 16 shows chromosomal aneuploidy detection based
on haplotype deconvolution for paternal haplotypes accord-
ing to embodiments of the present invention.

FIG. 17 1s a flowchart of a method 1700 for detecting a
sequence 1mbalance 1n a portion of a fetal genome of an
unborn fetus of a pregnant female using a biological sample
from the pregnant female according to embodiments of the
present invention.

FIG. 18 shows an illustration of haplotype deconvolution
for organ transplant monitoring according to embodiments
of the present invention.

FIG. 19 1s a flowchart 1llustrating a method of analyzing
a biological sample of an organism to detect whether a first
tissue type has a disease state associated with a first haplo-
type according to embodiments of the present invention.

FIG. 20 shows a plot of copy number aberrations detected
in the plasma of an HCC patient according to embodiments
of the present invention.

FIG. 21 1s a flowchart illustrating a method of analyzing
a biological sample of an organism to 1dentily an origin of
a chromosomal aberration according to embodiments of the
present invention.

FIG. 22 shows a block diagram of an example computer
system 10 usable with system and methods according to
embodiments of the present invention.

TERMS

A “methylome” provides a measure of an amount of DNA
methylation at a plurality of sites or loci in a genome. The
methylome may correspond to all of the genome, a substan-
tial part of the genome, or relatively small portion(s) of the
genome. Examples of methylomes of interest are the meth-
ylomes of organs (e.g. methylomes of brain cells, bones, the
lungs, the heart, the muscles and the kidneys, etc.) that can
contribute DNA into a bodily fluud (e.g. plasma, serum,
sweat, saliva, urine, genital secretions, semen, stools fluid,
diarrheal fluid, cerebrospinal fluid, secretions of the gastro-
intestinal tract, ascitic fluid, pleural fluid, intraocular tluid,
fluid from a hydrocele (e.g. of the testis), fluid from a cyst,
pancreatic secretions, intestinal secretions, sputum, tears,
aspiration tluids from breast and thyroid, etc.). The organs
may be transplanted organs. The methylome of a fetus 1s
another example.

A “plasma methylome” 1s a methylome determined from
the plasma or serum of an amimal (e.g., a human). The
plasma methylome 1s an example of a cell-free methylome
since plasma and serum include cell-free DNA. The plasma
methylome 1s also an example of a mixed methylome since
it 15 a mixture of fetal/maternal methylome or tumor/patient
methylome or DNA derived from different tissues or organs
or donor/recipient methylome in the context or organ trans-
plantation.

A “site” (also called a “genomic site’”) corresponds to a
single site, which may be a single base position or a group
of correlated base positions, e.g., a Cp(G site or larger group
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ol correlated base positions. A “locus™ may correspond to a
region that includes multiple sites. A locus can include just
one site, which would make the locus equivalent to a site 1n
that context.

The “methylation index” for each genomic site (e.g., a
CpG site) can refer to the proportion of DNA fragments
(e.g., as determined from sequence reads or probes) showing
methylation at the site over the total number of reads
covering that site. A “read” can correspond to information
(e.g., methylation status at a site) obtained from a DNA
fragment. A read can be obtained using reagents (e.g.
primers or probes) that preferentially hybridize to DNA
fragments of a particular methylation status. Typically, such
reagents are applied after treatment with a process that
differentially modifies or differentially recognizes DNA
molecules depending of their methylation status, e.g.
bisulfite conversion, or methylation-sensitive restriction
enzyme, or methylation binding proteins, or anti-methylcy-
tosine antibodies, or single molecule sequencing techniques
that recognize methylcytosines and hydroxymethylcyto-
SINES.

The “methylation density” of a region can refer to the
number of reads at sites within the region showing methyl-
ation divided by the total number of reads covering the sites
in the region. The sites may have specific characteristics,
e.g., being CpG sites. Thus, the “CpG methylation density™
ol a region can refer to the number of reads showing CpG
methylation divided by the total number of reads covering
CpG sites 1n the region (e.g., a particular CpG site, CpG sites
within a CpG 1sland, or a larger region). For example, the
methylation density for each 100-kb bin 1n the human
genome can be determined from the total number of cyto-
sines not converted after bisulfite treatment (which corre-
sponds to methylated cytosine) at CpG sites as a proportion
of all CpG sites covered by sequence reads mapped to the
100-kb region. This analysis can also be performed for other
bin sizes, e.g. 500 bp, 5 kb, 10 kb, 50-kb or 1-Mb, etc. A
region could be the entire genome or a chromosome or part
of a chromosome (e.g. a chromosomal arm). The methyl-
ation index of a CpG site 1s the same as the methylation
density for a region when the region only includes that CpG
site. The “proportion of methylated cytosines” can refer the
number of cytosine sites, “C’s”, that are shown to be
methylated (for example unconverted after bisulfite conver-
sion) over the total number of analyzed cytosine residues,
1.e. mcluding cytosines outside of the CpG context, in the
region. The methylation index, methylation density and
proportion of methylated cytosines are examples of “meth-
ylation levels.” Apart from bisulfite conversion, other pro-
cesses known to those skilled in the art can be used to
interrogate the methylation status of DNA molecules,
including, but not limited to enzymes sensitive to the meth-
ylation status (e.g. methylation-sensitive restriction
enzymes), methylation binding proteins, single molecule
sequencing using a platform sensitive to the methylation
status (e.g. nanopore sequencing (Schreiber et al. Proc Natl
Acad Sc1 2013; 110: 18910-18915) and by the Pacific
Biosciences single molecule real time analysis (Flusberg et
al. Nat Methods 2010; 7: 461-465)).

A “methylation profile” (also called methylation status)
includes information related to DNA methylation for a
region. Information related to DN A methylation can include,
but not limited to, a methylation index of a CpG site, a
methylation density of CpG sites 1n a region, a distribution
of CpG sites over a contiguous region, a pattern or level of
methylation for each individual CpG site within a region that
contains more than one CpG site, and non-CpG methylation.
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A methylation profile of a substantial part of the genome can
be considered equivalent to the methylome. “DNA methyl-
ation” 1n mammalian genomes typically refers to the addi-
tion of a methyl group to the 5' carbon of cytosine residues
(1.e. 5-methylcytosines) among CpG dinucleotides. DNA
methylation may occur in cytosines in other contexts, for
example CHG and CHH, where H 1s ademine, cytosine or
thymine. Cytosine methylation may also be in the form of
S-hydroxymethylcytosine. Non-cytosine methylation, such
as N°-methyladenine, has also been reported.

“Methylation-aware sequencing’”’ refers to any sequencing,
method that allows one to ascertain the methylation status of
a DN A molecule during a sequencing process, including, but
not limited to bisulfite sequencing, or sequencing preceded
by methylation-sensitive restriction enzyme digestion,
immunoprecipitation using anti-methylcytosine antibody or
methylation binding protein, or single molecule sequencing
that allows elucidation of the methylation status.

A ““tissue” corresponds to a group of cells that group
together as a functional unit. More than one type of cells can
be found 1n a single tissue. Diflerent types of tissue may
consist of different types of cells (e.g., hepatocytes, alveolar
cells or blood cells), but also may correspond to tissue from
different organisms (mother vs. fetus) or to healthy cells vs.
tumor cells. “Reference tissues™ correspond to tissues used
to determine tissue-specific methylation levels. Multiple
samples of a same tissue type from different individuals may
be used to determine a tissue-specific methylation level for
that tissue type.

A “biological sample” refers to any sample that 1s taken
from a subject (e.g., a human, such as a pregnant woman, a
person with cancer, or a person suspected of having cancer,
an organ transplant recipient or a subject suspected of having
a disease process involving an organ (e.g., the heart in
myocardial infarction, or the brain in stroke, or the
hematopoietic system 1n anemia) and contains one or more
nucleic acid molecule(s) of interest. The biological sample
can be a bodily fluid, such as blood, plasma, serum, urine,
vaginal tfluid, fluid from a hydrocele (e.g. of the testis), or
vaginal flushing fluids, pleural fluid, ascitic tfluid, cerebro-
spinal fluid, saliva, sweat, tears, sputum, bronchoalveolar
lavage tluid, etc. Stool samples can also be used. In various
embodiments, the majority of DNA 1n a biological sample
that has been enriched for cell-free DNA (e.g., a plasma
sample obtained via a centrifugation protocol) can be cell-
free (as opposed to cells), e.g., greater than 50%, 60%, 70%.,
80%, 90%, 95%, or 99%. The centrifugation protocol can
include 3,000 gx10 minutes, obtaining the fluid part, and
recentrifuging at 30,000 g for another 10 minutes to remove
residual cells.

The term “level of cancer” can refer to whether cancer
exists (1.e., presence or absence), a stage of a cancer, a size
of tumor, whether there 1s metastasis, the total tumor burden
of the body, and/or other measure of a severity of a cancer
(e.g. recurrence of cancer). The level of cancer could be a
number or other indicia, such as symbols, alphabet letters,
and colors. The level could be zero. The level of cancer also
includes premalignant or precancerous conditions (states)
associated with mutations or a number of mutations. The
level of cancer can be used 1n various ways. For example,
screening can check if cancer 1s present in someone who 1s
not known previously to have cancer. Assessment can 1mnves-
tigate someone who has been diagnosed with cancer to
monitor the progress of cancer over time, study the eflec-
tiveness of therapies or to determine the prognosis. In one
embodiment, the prognosis can be expressed as the chance
of a patient dying of cancer, or the chance of the cancer
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progressing aiter a specific duration or time, or the chance
of cancer metastasizing. Detection can mean ‘screening’ or
can mean checking 1f someone, with suggestive features of
cancer (e.g. symptoms or other positive tests), has cancer.

The term “sequence imbalance” of a chromosomal region
can refer to any significant deviation in an amount of
cell-free DNA molecules from the chromosomal region
relative to an expected value, if the organism was healthy.
For example, a chromosomal region may exhibit an ampli-
fication or a deletion 1n a certain tissue, thereby resulting 1n
a sequence 1imbalance for the chromosomal region 1n a DNA
mixture containing DNA from the tissue, mixed with DNA
from other tissues. As examples, the expected value can be
obtained from another sample or from another chromosomal
region that i1s assumed to be normal (e.g., an amount
representative of two copies for a diploid orgamism). A
chromosomal region can be composed of multiple disjoint
subregions.

A “type” for a genomic locus (marker) corresponds to
specific attributes for a locus across tissue types. The
description primarily refers to type I loci and type II loci,
whose properties are provided 1n detail below. A locus of a
given type can have specific statistical vanation 1 methyl-
ation levels across tissue types. A “category” for a genomic
locus (marker) corresponds to specific variation in methyl-
ation levels for a locus across different individuals for a
same tissue type. A set of genomic loc1 (markers) can be
composed of any number of loci of various types and/or
categories. Thus, a set ol loc1 corresponds to loci selected for
a particular measurement and does not connote any particu-
lar properties of the loci 1n the set.

A “separation value” corresponds to a difference or a ratio
involving two values, e.g., two fractional contributions or
two methylation levels. The separation value could be a
simple difference or ratio. The separation value can include
other factors, e.g., multiplicative factors. As other examples,
a difference or ratio of functions of the values can be used,
¢.g., a diflerence or ratio of the natural logarithms (In) of the
two values. A separation value can include a difference and
a rat1o.

The term “classification” as used herein refers to any
number(s) or other characters(s) that are associated with a
particular property of a sample. For example, a “+” symbol
(or the word “positive”) could signity that a sample 1s
classified as having deletions or amplifications. The classi-

fication can be binary (e.g., positive or negative) or have
more levels of classification (e.g., a scale from 1 to 10 or O
to 1). The term “cutofl” and “threshold” refer to a prede-
termined number used 1n an operation. A threshold value
may be a value above or below which a particular classifi-
cation applies. Either of these terms can be used in either of
these contexts.

DETAILED DESCRIPTION

"y

Methylation differences among tissue types (e.g., fetal
tissues, liver etc.) 1n a DNA mixture (e.g., plasma) may be
used to differentiate properties ol haplotypes 1n a specific
tissue type. For example, the methylation levels of two
maternal haplotypes 1n the plasma of a pregnant woman can
be used to determine which haplotype 1s inherited from the
mother to the fetus. As another example, the methylation
levels of two haplotypes 1n fetal tissue can be used to detect
a sequence imbalance (e.g., an aneuploidy) in the fetus.
Other tissue types may also be analyzed, e.g., to detect a
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disease state 1n a specific tissue type. The tissue type from
which a copy number aberration originates may also be
determined.

Some embodiments can determine percentages ol cell-
free DNA 1n plasma (or other DNA mixture) from various
tissue types using known methylation levels at certain
genomic sites for the specific tissue types. For example,
methylation levels at the genomic sites can be measured for
a liver sample, and these tissue-specific methylation levels
can be used to determine how much cell-free DNA 1n the
mixture 1s from the liver. Methylation levels can be mea-
sured for tissue types that provide substantial contributions
to the DN A mixture, so that a predominance (e.g., more than
90%, 95%, or 99%) of the cell-free DNA mixture can be
accounted for. Such other samples can include, but not
limited to, some or all of the following: lung, colon, small
intestines, pancreas, adrenal glands, esophagus, adipose
tissues, heart, and brain.

A deconvolution process can be used to determine frac-
tional contributions (e.g., percentage) for each of the tissue
types for which tissue-specific methylation levels are
known. In some embodiments, a linear system of equations
can be created from the known tissue-specific methylation
levels and the mixture methylation levels at the specified
genomic sites, and the fractional contributions that best
approximate the measured mixture methylation levels can be
determined (e.g., using least squares).

Once the {fractional contributions are determined, the
fractional contributions can be used for various purposes.
For example, differences 1n fractional contributions of fetal
tissue can be used to determine which haplotype 1s inherited
from a parent. The alleles at one or more heterozygous loci
can be determined for each of two parental haplotypes.
Cell-free DNA at the one or more heterozygous loci can be
used to determine two fractional contributions: one for each
haplotype. For example, cell-free DNA molecules having
alleles of a first haplotype can be used to determine a first
fractional contribution, and cell-free DN A molecules having
alleles of a second haplotype can be used to determine a
second fractional contribution. The inherited haplotype will
correspond to the higher fractional contribution for fetal
tissue.

Further, an inherited haplotype will have lower methyl-
ation levels due to the general hypomethylation of fetal
cell-free DNA. The methylation levels for the two haplo-
types can be compared, and the haplotype with lower
methylation level can be identified as being the inherited
haplotype.

As another example, a sequence imbalance can be
detected 1n a target chromosomal region of a fetus. A target
fractional contribution of the fetal tissue type 1n the mixture
can be determined for a first haplotype in the target chro-
mosomal region. Similarly, a reference fractional contribu-
tion of the fetal tissue type can be determined for a reference
chromosomal region. A separation value between the two
contributions can be compared to a threshold value to
determine whether the fetus has a sequence imbalance (e.g.,
an ancuploidy).

As another example, a first haplotype can have a signature
specific to healthy cells or to abnormal cells. A separation
value between the fractional contribution determined for the
first haplotype and a reference fractional contribution can be
compared to a threshold value to determine a classification
of whether the first tissue type has a disease state. As
examples, the first haplotype can be of a transplanted organ
or a tumor, or only be i1n healthy cells and not 1 a
transplanted organ or a tumor. The disease state may be
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whether the transplanted organ 1s being rejected, or whether
a tumor 1s 1ncreasing 1n size or metastasized (e.g., after a
surgery did not remove all of the tumor).

As another example, the tissue origin of a copy number
aberration can be determined using methylation deconvolu-
tion. A first chromosomal region can be 1dentified as exhib-
iting a copy number aberration. For each of M tissue types,
a corresponding separation value between the Iractional
contributions of the two haplotypes 1n the first chromosomal
region can be determined. The tissue type with the highest
separation value can be i1dentified as the tissue of origin.

Methylation deconvolution 1s first described, and then the
selection of methylation markers and the accuracy of the
methylation deconvolution are described. The use of the
fractional contributions to determine part of a fetal genome
1s then described.

I. Composition of DNA Mixture by Methylation Deconvo-
lution

Diflerent tissue types can have diflerent levels of meth-
ylation for a genomic site. These differences can be used to
determine the fractional contributions of DNA from the
various tissue types 1 a mixture. Thus, the composition of
a DNA muxture can be determined by a tissue-specific
methylation pattern analysis. The examples below discuss
methylation densities, but other methylation levels can be
used.

A. Single Genomic Site

The principle of methylation deconvolution can be 1llus-
trated using a single methylation genomic site (methylation
marker) to determine a composition of a DNA mixture from
an organism. Assume that tissue A 1s completely methylated
for the genomic site, 1.¢. methylation density (MD) of 100%
and tissue B 1s completely unmethylated, 1.e. MD of 0%. In
this example, methylation density refers to the percentage of
cytosine residues with the context of CpG dinucleotides
being methylated 1n the region of interest.

It the DNA mixture C 1s composed of tissue A and tissue
B and the overall methylation density of the DNA mixture
C 1s 60%, we can deduce the proportional contribution of
tissues A and B to the DNA mixture C according to the
tollowing formula:

-~

MD =MD xa+MDzx¥b,

where MD ,, MD,, MD_, represent the MD of tissues A,
tissue B and the DNA mixture C, respectively; and a and b
are the proportional contributions of tissues A and B to the
DNA mixture C. In this particular example, 1t 1s assumed
that tissues A and B are the only two constituents of the DNA
mixture. Theretore, a+b=100%. Thus, 1t 1s calculated that
tissues A and B contribute 60% and 40%, respectively, to the
DNA mixture.

The methylation densities 1n tissue A and tissue B can be
obtained from samples of the organism or from samples
from other organisms of the same type (e.g., other humans,
potentially of a same subpopulation). If samples from other
organisms are used, a statistical analysis (e.g., average,
median, geometric mean) of the methylation densities of the
samples of tissue A can be used to obtain the methylation
density MD ,, and similarly for MD,.

Genomic site can be chosen to have mimimal inter-
individual variation, for example, less than a specific abso-
lute amount of varnation or being within a lowest portion of
genomic sites tested. For imstance, for the lowest portion,
embodiments can select only genomic sites having the
lowest 10% of vanation among a group of genomic sites
tested. The other organisms can be taken from healthy
persons, as well as those with particular physiologic condi-
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tions (e.g. pregnant women, or people with diflerent ages or
people of a particular sex), which may correspond to a
particular subpopulation that includes the current organism
being tested.

The other organisms of a subpopulation may also have
other pathologic conditions (e.g. patients with hepatitis or
diabetes, etc.). Such a subpopulation may have altered
tissue-specific methylation patterns for various tissues. The

methylation pattern of the tissue under such disease condi-
tion can be used for the deconvolution analysis in addition
to using the methylation pattern of the normal tissue. This
deconvolution analysis may be more accurate when testing
an organism from such a subpopulation with those condi-
tions. For example, a cirrhotic liver or a fibrotic kidney may
have a different methylation pattern compared with a normal
liver and normal kidney, respectively. Thus, if a patient with
liver cirrhosis was screened for other diseases, 1t can be
more accurate to include a cirrhotic liver as one of the
candidates contributing DNA to the plasma DNA, together
with the healthy tissues of other tissue types.

B. Multiple Genomic Sites

More genomic sites (e.g., 10 or more) may be used to
determine the constitution of the DNA mixture when there
are more potential candidate tissues. The accuracy of the
estimation of the proportional composition of the DNA
mixture 1s dependent on a number of factors including the
number of genomic sites, the specificity of the genomic sites
(also called “sites”) to the specific tissues, and the vanability
of the sites across different candidate tissues and across
different individuals used to determine the reference tissue-
specific levels. The specificity of a site to a tissue refers to
the difference 1n the methylation density of the genomic sites
between the particular tissue and other tissue types.

The larger the difference between their methylation den-
sities, the more specific the site to the particular tissue would
be. For example, if a site 1s completely methylated in the
liver (methylation density=100%) and 1s completely unm-
cthylated 1n all other tissues (methylation density=0%), this
site would be highly specific for the liver. Whereas, the
variability of a site across different tissues can be reflected
by, for example, but not limited to, the range or standard
deviation of methylation densities of the site in different
types of tissue. A larger range or higher standard deviation
would allow a more precise and accurate determination of
the relative contributions of the different organs to the DNA
mixture mathematically. The eflects of these factors on the
accuracy ol estimating the proportional contribution of the
candidate tissues to the DNA mixture are illustrated 1n the
later sections of this application.

Here, we use mathematical equations to illustrate the
deduction of the proportional contribution of difierent
organs to the DNA mixture. The mathematical relationship
between the methylation densities of the different sites in the
DNA mixture and the methylation densities of the corre-
sponding sites in diflerent tissues can be expressed as:

MD =2 (p;xMDy),

where MD, represents the methylation density of the site 1 1n
the DNA mixture; p, represents the proportional contribu-
tion of tissue k to the DNA mixture; MD,, represents the
methylation density of the site 1 1n the tissue k. When the
number of sites 1s the same or larger than the number of
organs, the values of individual p, can be determined. The
tissue-specific methylation densities can be obtained from
other individuals, and the sites can be chosen to have
minimal inter-individual variation, as mentioned above.
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Additional criteria can be included in the algorithm to
improve the accuracy. For example, the aggregated contri-
bution of all tissues can be constrained to be 100%, 1.e.

> 5.=100%.

Furthermore, all the organs’ contributions can be required to
be non-negative:

p:=0.Vk

Due to biological varnations, the observed overall meth-
ylation pattern may not be completely identical to the
methylation pattern deduced from the methylation of the
tissues. In such a circumstance, mathematical analysis
would be required to determine the most likely proportional
contribution of the individual tissues. In this regard, the
difference between the observed methylation pattern 1n the

DNA and the deduced methylation pattern from the tissues
1s denoted by W.

W=0-)" (pexMo)
&

where O 1s the observed methylation pattern for the DNA
mixture and M, 1s the methylation pattern of the individual
tissue k. p, 1s the proportional contribution of tissue k to the
DNA mixture. The most likely value of each p, can be
determined by minimizing W, which 1s the difference
between the observed and deduced methylation patterns.
This equation can be resolved using mathematical algo-
rithms, for example by, but not limited to, using quadratic
programming, linear/non-linear regression, expectation-
maximization (EM) algorithm, maximum likelithood algo-
rithm, maximum a posteriort estimation, and the least
squares method.

C. Method of Methylation Deconvolution

As described above, a biological sample including a
mixture of cell-free DNA molecules from an organism can
be analyzed to determine the composition of the mixture,
specifically the contributions from different tissue types. For
example, the percentage contribution of the cell-free DNA
molecules from the liver can be determined. These mea-
surements of the percentage contributions in the biological
sample can be used to make other measurements of the
biological sample, e.g., identifications of where a tumor 1s
located, as 1s described 1n later sections.

FIG. 1 1s a flowchart illustrating a method 100 of ana-
lyzing a DNA mixture of cell-free DNA molecules to
determine fractional contributions from various tissue types
from methylation levels according to embodiments of the
present invention. A biological sample includes a mixture of
cell-free DNA molecules from M tissues types. The biologi-
cal sample can be any one of various examples, e.g., as
mentioned herein. The number M of tissue types 1s greater
than two. In various embodiments, M can be 3, 7, 10, 20, or
more, or any number in between. Method 100 can be
performed at least partially using a computer system, as can
other methods described herein.

At block 110, N genomic sites are i1dentified for analysis.
The N genomic sites can have various attributes, e.g., as
described 1n more detail i section 11, which describes type
I and type II genomic sites. As examples, the N genomic
sites can include type I or type 1I sites only, or a combination
of both. The genomic sites can be identified based on
analyses ol one or more other samples, e.g., based on data
obtained from databases about methylation levels measured
in various individuals.
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Specific genomic sites can be selected to provide a desired
level of accuracy. For example, loci that have at least a
threshold varniability can be used, as opposed to just using
loci1 that are specific to one tissue type. A first set (e.g., 10)
of the genomic sites can be selected such that each have a
coellicient of vanation of methylation levels of at least 0.15
across M tissue types and such that each has a difference
between a maximum and a minimum methylation level for
the M tissue types that exceeds 0.1 for one or more other
samples. This first set of genomic sites may not have a
specific methylation signature for a specific tissue type, €.g.,
only or predominantly methylated in the specific tissue type.
Such a first set 1s referred to as type 1I sites. These genomic
sites can be used 1 combination with genomic sites that do
have a specific signature, which are referred to as type I
sites.

Using the type II sites can ensure that the full space of
methylation levels across the tissue types 1s spanned by the
genomic sites, thereby providing increased accuracy over
the type I sites. Just using more type 1 sites provides
redundant basis vectors for the methylation space (1.e., more
genomic sites that have the same pattern as other sites),
while adding other genomic sites whose methylation levels
have various values across diflerent tissues adds new basis
vectors for discriminating fractional contributions via the
linear system ol equations.

In some embodiments, at least 10 of the N genomic sites
cach have a coellicient of variation of methylation levels of
at least 0.15 across the M tissue types. The at least 10
genomic sites can also each have a difference between a
maximum and a minimum methylation level for the M tissue
types that exceeds 0.1. These methylation properties of the
genomic loci can be measured for one sample or a set of
samples. The set of samples may be for a subpopulation of
organisms that includes the instant organism being tested,
¢.g., a subpopulation having a particular trait that 1s shared
with the instant orgamism. These other samples can be
referred to as reference tissues, and different reference
tissues may be used from different samples.

At block 120, N tissue-specific methylation levels are
obtained at the N genomic sites for each of M tissue types.
N 1s greater than or equal to M, so that the tissue-specific
methylation levels can be used i the deconvolution to
determine the fractional percentages. The tissue-specific
methylation levels can form a matrix A of dimensions N by
M. Each column of the matrix A can correspond to a
methylation pattern for a particular tissue type, where the
pattern 1s of methylation levels at the N genomic sites.

In various embodiments, the tissue-specific methylation
patterns can be retrieved from public database(s) or previous
studies. In examples herein, the methylation data for neu-
trophils and B cells were downloaded from the Gene
Expression Omnibus (Hodges et al. Mol Cell 2011; 44:17-
28). Methylation patterns for other tissues (hippocampus,
liver, lung, pancreas, atrium, colon (including its various
parts, €.g. sigmoid colon, transverse colon, ascending colon,
descending colon), adrenal gland, esophagus, small intes-
tines and CD4 T cell) were downloaded from the RoadMap
Epigenomics project (Ziller et al. Nature 2013; 500:4777-81).
The methylation patterns for the bully coat, placenta, tumor
and plasma data were from published reports (Lun et al. Clin
Chem. 2013; 59:1583-94; Chan et al. Proc Natl Acad Sci
USA. 2013; 110:18761-8). These tissue-specific methylation
patterns can be used to i1dentity the N genomic sites to be
used 1n the deconvolution analysis.

At block 130, the biological sample including a mixture
of cell-free DNA molecules from the M tissues types 1s
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received. The biological sample may be obtained from the
patient organism in a variety of ways. The manner of
obtaining such samples may be non-invasive or ivasive.
Examples of non-invasively obtained samples include cer-
tain types of tluids (e.g. plasma or serum or urine) or stools.
For istance, plasma includes cell-free DNA molecules from
many organ tissues, and 1s thus useful for analyzing many
organs via one sample.

At block 140, cell-free DNA molecules from the biologi-
cal sample are analyzed to identily their locations 1n a
reference genome corresponding to the organism. For
example, the cell-free DNA molecules can be sequenced to
obtain sequence reads, and the sequence reads can be
mapped (aligned) to the reference genome. If the organism
was a human, then the reference genome would be a
reference human genome, potentially from a particular sub-
population. As another example, the cell-free DNA mol-
ecules can be analyzed with different probes (e.g., following
PCR or other amplification), where each probe corresponds
to a genomic location, which may cover a heterozygous and
one or more CpG sites, as 15 described below.

A statistically significant number of cell-free DNA mol-
ecules can be analyzed so as to provide an accurate decon-
volution for determiming the fractional contributions from
the M tissue types. In some embodiments, at least 1,000
cell-free DNA molecules are analyzed. In other embodi-
ments, at least 10,000 or 50,000 or 100,000 or 500,000 or
1,000,000 or 5,000,000 cell-tfree DNA molecules or more
can be analyzed. The total number of molecules to analyze
can depend on M and N, and the desired precision (accu-
racy). In various examples, the total number of cell-free
DNA analyzes can be less than 500,000, one million, two
million, five million, ten million, 20 million, or 50 million.

At block 150, N mixture methylation levels are measured
at the N genomic sites using cell-free DNA molecules that
are each located at any one of N genomic sites of the
reference genome. A DNA molecule can be 1dentified as
located at a genomic site or a locus by one or more bases of
the DNA molecule corresponding to one or more base
positions of the genomic site or locus. Thus, the sequence of
the DNA molecule would cover one or more base positions
of the genomic site or locus. This information can be
determined based on the locations determined 1n block 140.
Such an 1dentification of a DNA molecule located at a site
of a locus can be used for any similar block of methods
described herein.

The N mixture methylation levels refer to methylation
levels 1n the mixture of the biological sample. As an
example, i a cell-free DNA molecule from the mixture is
located at one of the N genomic sites, then a methylation
index for that molecule at the site can be included 1n an
overall methylation density for that site. The N mixture
methylation levels can form a methylation vector b of length
N, where b corresponds to observed values from which the
fractional contribution of each corresponding tissue type can
be determined.

In one embodiment, the methylation levels for the
genomic sites 1 the DNA mixture can be determined using
whole genome bisulfite sequencing. In other embodiments,
the methylation levels for the CpG sites can be determined
using methylation microarray analysis, such as the Illumina
HumanMethylation450 system, or by using methylation
immunoprecipitation (e.g. using an anti-methylcytosine
antibody) or treatment with a methylation-binding protein
tollowed by microarray analysis or DNA sequencing, or by
using methylation-sensitive restriction enzyme treatment
tollowed by microarray or DNA sequencing, or by using
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methylation aware sequencing e.g. using a single molecule
sequencing method (e.g. by a nanopore sequencing
(Schreiber et al. Proc Natl Acad Sc1 2013; 110: 18910-
18915) or by the Pacific Biosciences single molecule real
time analysis (Flusberg et al. Nat Methods 2010; 7: 461-
465)). Tissue-specific methylation levels can be measured 1n
a same way. In yet other embodiments, other methods, for
example, but not limited to targeted bisulfite sequencing,
methylation-speciﬁc PCR, non-bisulfite based methylation-
aware sequencing (e. 2. by single molecule sequencing plat-
forms (Powers et al. Eflicient and accurate whole genome
assembly and methylome profiling of £. coli. BMC Genom-
ics. 2013; 14:675)) can be used for the analysis of the
methyf.ation level of the plasma DNA for plasma DNA
methylation deconvolution analysis.

At block 160, M values of a composition vector are
determined. Each M value corresponds to a fractional con-
tribution of a particular tissue type of the M tissue types to
the DNA maxture. The M values of the composition vector
can be solved to provide the N mixture methylation levels
(e.g., methylation vector b) given the matrix A composed of
NxM tissue-specific methylation levels (1.e. N tissue-spe-
cific methylation levels for each of the M tissue types). The
M fractional contributions can correspond to a vector x that
1s determined by solving Ax=b. When N 1s greater than M,
the solution can 1involve a minimization of errors, e.g., using
least-squares.

At block 170, the composition vector 1s used determine an
amount of each of the M tissue types 1n the mixture. The M
values of the composition vector may be taken directly as the
fractional contributions of the M tissue types. In some
implementations, the M values can be converted to percent-
ages. Error terms can be used to shiit the M values to higher
or lower values.

D. Applications

As mentioned above, the fractional contributions can be
used 1n further measurements of the biological sample and
other determinations, e.g., whether a particular chromo-
somal region has a sequence imbalance, whether a particular
tissue type 1s diseased, and to determine which haplotype of
two parental haplotypes 1s inherited by the fetus of a
pregnant female from which the sample was obtained.

FIG. 2 shows a schematic diagram showing several poten-
tial applications of DNA methylation deconvolution (e.g.,
using plasma) according to embodiments of the present
invention. In FIG. 2, a biological sample 205 is subjected to
genome-wide bisulfite sequencing at 210. At 230, plasma
DNA tissue mapping uses tissue-speciiic methylation pro-
files 220 to determine tissue contribution percentages.
Example tissue-specific methylation profiles are shown as
liver, blood cells, adipose tissues, lungs, small intestines,
and colon. The contribution percentages can be determined
as described above and elsewhere, e.g., solving Ax=b.
Examples of applications include prenatal testing 241, can-
cer detection and monitoring 242, organ transplant moni-
toring, and organ damage assessment 244.

A list of methylation markers (genomic sites) that are
uselul for determining the contributions of different organs
to the plasma DNA can be identified by comparing the
methylation profiles (FIG. 2) of different tissues, including
the liver, lungs, esophagus, heart, pancreas, sigmoid colon,
small intestines, adipose tissues, adrenal glands, colon, T
cells, B cells, neutrophils, brain and placenta. In various
examples, whole genome bisulfite sequencing data for the
liver, lungs, esophagus, heart, pancreas, colon, small 1ntes-
tines, adipose tissues, adrenal glands, brain and T cells were
retrieved from the Human Epigenome Atlas from the Baylor
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College of Medicine (www.genboree.org/epigenomeatlas/
index.rhtml). The bisulfite sequencing data for B cells and
neutrophils were from the publication by Hodges et al.
(Hodges et al; Directional DNA methylation changes and
complex intermediate states accompany lineage specificity
in the adult hematopoietic compartment. Mol Cell 2011; 44:
17-28). The bisulfite sequencing data for the placenta were
from Lun et al (Lun et al. Clin Chem 2013; 59:1583-94). In
other embodiments, markers can be i1dentified from datasets

generated using microarray analyses, e.g. using the Illumina
Infintum HumanMethylation450 BeadChip Array.

II. Selection of Methylation Markers

Above, we have described the principle of using methyl-
ation analysis to determine the composition of a DNA
mixture. In particular, the percentage contribution of differ-
ent organs (or tissues) to the plasma DNA can be determined
using methylation analysis. In this section, we further
describe the method for the selection of methylation markers
and clinical applications of this technology.

The results of determining the composition of the DNA
mixture by methylation analysis are aflected by the meth-
ylation markers used for the deconvolution of the compo-
sition of the DNA mixture. Thus, the selection of appropriate
genomic methylation markers can be important for the
accurate determination of the constitution of the DNA
mixture.

A. Criteria for a Methylation Marker for Deconvolution

For marker selection, the following three attributes may
be considered. (1) It 1s desirable for a methylation marker to
have a low variability 1n the methylation level measured in
the same tissue type across different individuals. As the
determination of the composition of the DNA mixture is
dependent on the recognition of the tissue-specific methyl-
ation patterns, the low variability 1n methylation level 1n the
same ti1ssue type across different individuals would be useful
for accurate 1dentification of the tissue-specific patterns 1n
the DNA mixture. In embodiments where the tissue-specific
methylation levels are obtained from samples of other
organisms (e.g., from a database), the low variability means
that the methylation levels from the other samples are
similar to the tissue-specific methylation levels for the
current organism being tested.

(11) It 1s desirable for a methylation marker to have a high
variability in methylation levels across different tissues. For
a particular marker, a higher diflerence 1n the methylation
levels across diflerent tissues can provide a more precise

determination of the contribution of different tissues to the
DNA mixture. In particular, an improvement in precision
can be obtained by using one set of markers having attribute
(11) and another set of markers having attribute (111).

(111) It 1s desirable for a methylation marker to have a
particularly different methylation level in a particular tissue
when compared with those from most or all of the other
tissues. In contrast to point (11) above, a marker can have low
variability 1n the methylation level of most tissues but its
methylation level 1n one particular tissue 1s different from
most of the other tissues. This marker would be particularly
usetul for the determination of the contribution of the tissue
that has a diflerent methylation level from other tissues.

B. Example

A principle of marker selection 1s illustrated 1n the fol-
lowing hypothetical examples 1n table 1.
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TABLE 1

Methylation densities in different tissues
for 6 hypothetical methylation markers.

Mark- Mark- Mark- Mark- Mark-  Mark-

er 1 er 2 er 3 er 4 er S er 6

Liver 1 20% 69% 9% 9% 10% Q0%

Liver 2 50% 70% 10% 10% 10% 90%

Liver 3 90% 71% 11% 11% 10% 90%

Heart 20% 20% 30% 13% 12% 12%

Lung 30% 30% 60% 1'7% 14% 84%

Colon 40% 40% 90% 20% 80% 80%
In this hypothetical example, marker 2 has lower vari-
ability 1n methylation density 1n the liver from three indi-

viduals when compared with marker 1. Therefore, marker 2
1s superior to marker 1 as a signature for determining the
contribution of the liver in a DNA mixture.

Compared with marker 4, marker 3 has a higher variabil-
ity in methylation density across diflerent tissue types. The
same level of change in the estimated contribution from the
different tissues would provide a bigger change in the
deduced methylation density of the DNA mixture for marker
3 than for marker 4 according to the mathematical relation-
ship discussed above. Therelore, the estimation of the con-
tribution of each tissue can be more precise with marker 3.

Marker 5 has a low variability in methylation density
across the liver, heart and lung. Their methylation densities
vary from 10% to 14%. However, the methylation density of
colon 1s 80%. This marker would be particularly usetul for
determining the contribution of the colon i the DNA
mixture. Similarly, the heart 1s hypomethylated compared
with the other tissues for marker 6. Therefore, the contri-
bution of the heart can be accurately determined by marker

6. Thus, the combination of markers 5 and 6 would be able
to accurately determine the contributions of the colon and
the heart. The addition of markers 2 and 3 would then be
suflicient to deduce the contribution of each of the four
organs, including the liver, heart, lung and colon.

C. Different Types of Markers

A methylation marker may not necessarily need to have
all of the above three attributes. A type I methylation marker
would typically have attribute (111) above. A number of such
markers may also have attribute (1). On the other hand, a
type II methylation marker would typically have attribute
(1) above. A number of such markers may also have attribute
(1). It 1s also possible that a particular marker may have all
three attributes.

In some embodiments, markers are broadly divided into
two types (type I and type II). Type I markers have tissue
specificity. The methylation level of these markers for a
particular group of one or more tissues 1s different from most
of the other tissues. For example, a particular tissue can have
a significant methylation level compared with the methyl-
ation level of all the other tissues. In another example, two
tissues (e.g., tissue A and tissue B) have similar methylation
levels, but the methylation levels of tissues A and B are
significantly different from those of the remaining tissues.

Type II markers have a high inter-tissue methylation
variability. The methylation levels of these markers are
highly variable across diflerent tissues. A single marker in
this category may not be suflicient to determine the contri-
bution of a particular tissue to the DNA mixture. However,
a combination of type II markers, or in combination with one
or more type I markers can be used collectively to deduce
the contribution of individual tissues. Under the above
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definition, a particular marker can be a type I marker only,
a type Il marker only, or be simultaneously both a type I and
type II marker.

1. Type 1 Markers

In one embodiment, a type I marker can be 1dentified by
comparing the methylation density of the marker with the
mean and standard deviation (SD) of methylation densities
of this particular marker for all candidate tissues. In one
implementation, a marker 1s identified 1t its methylation
density 1n one tissue 1s different from the mean of all the
tissues by 3 standard deviations (SD).

The methylation profiles of 14 tissues obtained from
sources mentioned above were studied to select markers. In
one analysis, a total of 1,013 type I markers were 1dentified

(markers labeled type I 1n Table S1 of Appendix A of U.S.

Provisional Application No. 62/158,466) usmg the above
criteria. In other embodiments, other cutofls between the

particular tissues and the mean methylation densities can be

used, for example, but not limited to 1.5 SD, 2 SD, 2.5 SD,
3.5 SD and 4 SD. In yet another embodiment, a type I
marker can identified through the comparison of the meth-
ylation density of the particular tissue to the median meth-
ylation density of all tissues.

In other embodiments, the type I markers can be obtained
when more than one tissue (for example, but not limited to
two, three, four or five tissues) show significantly different
methylation densities than the mean methylation density of
all the candidate tissues. In one i1mplementation, a cutoil
methylation density can be calculated from the mean and SD
of the methylation densities of all the candidate tissues. For
illustration purpose, the cutofl can be defined as 3 SD higher
or lower than the mean methylation densities. A marker 1s
selected when the methylation densities of more than one
(for example, but not limited to two, three, four, five, or
more than five) tissues are more than 3 SD higher than the
mean methylation density or more than 3 SD lower than the
mean methylation density of the tissues.

2. Type II Markers

For 1dentification of type II markers, the mean and SD of
methylation densities across all 14 candidate tissues were
calculated and the ratio of SD to the mean was denoted as
the coetlicient of variation (CV). In this 1llustrative example,
we used a cutodl of >0.25 for the CV to 1dentify the qualified
type II markers, as well as the difference between the
maximum and minimum methylation densities for the group
of tissues exceeding 0.2. Using these criteria, 5820 type 11
markers were 1dentified (markers labeled type 11 1n Table S1
of Appendix A). In other embodiments, other cutoils for the
CV, for example but not limited to 0.15, 0.2, 0.3 and 0.4, can
be used. In yet other embodiments, other cutofls for the
difference between the maximum and minimum methylation
densities, for example, but not limited to 0.1, 0.15, 0.253, 0.3,
0.35, 0.4, 0.45 and 0.5, can be used.

In other embodiments, the average values across multiple
samples of the same tissue type can be used to measure a
variation ol the methylation levels across different tissues.
For example, 10 methylation levels of a same genomic site
from 10 samples can be averaged to obtain a single meth-
ylation level for the genomic site. A similar process can be
performed to determine average methylation levels for other
tissue types for the genomic site. The average values across
tissue types can then be used for determining whether the
genomic site has significant variation across tissue types.
Other statistical values can be used besides an average, e.g.,
a median or a geometric mean. Such statistical values can be
used to identily type I and/or type II markers.
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The different samples of a same tissue type (e.g., from
different individuals) can be used to determine a variation of
methylation levels across the different samples. Thus, i
there are multiple samples of the same tissue type, embodi-
ments can further measure the variation of a particular
marker amongst such samples of the same tissue type. A
marker with a low variation across samples would be a more
reliable marker than one with a high variation. Further
details of markers and deconvolution can be found 1in

commonly-owned U.S. Patent Publication 2016/0017419,
entitled “Methylation Pattern Analysis Of Tissues In A DNA
Mixture,” by Chiu et al., and PCT Publication WO2014/
043763 entitled “Non-Invasive Determination Of Methyl-
ome Of Fetus Or Tumor From Plasma.”

D. Diflerent Categories of Markers

A “category” for a genomic locus (methylation marker)
corresponds to specific variation 1n methylation levels for a
locus across different individuals for a same tissue type.
Diflerent categories can have different ranges of variation
among a particular tissue type across individuals. A {first
category ol methylation markers might have a diflerence of
10% 1n the methylation levels or lower among the individu-
als tested. A second category of methylation markers might
have a difference of more than 10% in the methylation levels
among the idividuals tested. The use of methylation mark-
ers with low inter-individual vanations (first category mark-
ers) would potentially improve the accuracy of determining
the contribution of the particular organ 1n the DN A mixture.

E. Identification of Potential Methylation Markers

In some embodiments, potential methylation markers
were 1dentified in the following manner. Such potential
methylation markers can then be subjected to the above
criteria to 1dentity type 1 and type II markers. In other
embodiments, an 1dentification of type 1 or type II 1s not
needed. And, other embodiments may use other techniques
to 1dentily potential methylation markers.

In some embodiments, all CpG 1slands (CGls) and CpG
shores on autosomes were considered for potential methyl-
ation markers. CGls and CpG shores on sex chromosomes
were not used so as to minimize variation in methylation
levels related to the sex-associated chromosome dosage
difference 1n the source data. CGls were downloaded from
the University of California, Santa Cruz (UCSC) database
(genome.ucsc.edu/, 27,048 CpG 1slands for the human
genome) (Kent et al., The human genome browser at UCSC,
Genome Res. 2002; 12(6):996-1006) and CpG shores were
defined as 2 kb flanking windows of the CpG 1slands
(Inzarry et al. The human colon cancer methylome shows
similar hypo- and hypermethylation at conserved tissue-
specific CpG 1sland shores. Nat Genet 2009; 41(2):178-186).
Then, the CpG i1slands and shores were subdivided into
non-overlapping 500 bp units and each unit was considered
as a potential methylation marker.

The methylation densities (1.e., the percentage of CpGs
being methylated within a 500 bp unit) of all the potential
loc1 were compared between the 14 tissue types. As previ-
ously reported (Lun et al. Clin Chem. 2013; 59: 1583-94),
the placenta was found to be globally hypomethylated when
compared with the remaining tissues. Thus, the methylation
profile of the placenta was not included at the marker
identification phase. Using the methylation profiles of the
remaining 13 tissue types, the two types of methylation
markers were 1dentified. For example, type 1 markers can
refer to any genomic sites with methylation densities that are
3 SD below or above 1n one tissue when compared with the
mean level of the 13 tissue types. Type II markers can
considered highly variable when (A) the methylation density
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ol the most hypermethylated tissue 1s at least 20% higher
than that of the most hypomethylated one; and (B) the SD of
the methylation densities across the 13 tissue types when
divided by the mean methylation density (1.e. the coeflicient
of vanation) of the group 1s at least 0.25. Lastly, 1n order to
reduce the number of potentially redundant markers, only
one marker may be selected 1n one contiguous block of two
CpG shores flanking one CpG 1sland.

F. Selection Based on Application

The set of methylation markers chosen for particular
applications can be varied depending on the parameters of
the desired applications. For example, for applications
focusing on haplotype or allele analysis, useful markers
would be those located on the same cell-free DNA mol-
ecules as one of the heterozygous alleles. As cell-free DNA
molecules (e.g., plasma DNA) are usually less than 200 bp,
usetul markers can be CpG sites within 200 bp of a het-
erozygous locus (e.g., a SNP). As another example, for
applications 1n which the release of DNA from a particular
tissue 1nto plasma 1s of special significance, one can select
a preferentially larger number of methylation markers that
are differentially methylated in this tissue type (e.g. type 1
marker) when compared with the others 1n the marker set.

The number and choice of methylation markers in the
deconvolution analysis can be varied according to the
intended use. If the fractional contribution of the liver 1s of
particular interest, e.g. 1n a patient who has received a liver
transplant, more type I liver specific markers can be used in
the deconvolution analysis to increase the precision of the
quantification of the contribution of the transplanted liver to
the plasma DNA.

I1I. Composition Accuracy

As described above, embodiments can 1dentily the tissue
contributors of plasma DNA. In various examples, genome-
wide bisulfite sequencing of plasma DNA was performed
and analyzed with reference to methylation profiles of
different tissues. Using quadratic programming as an
example, the plasma DNA sequencing data were deconvo-
luted 1nto proportional contributions from different tissues.
Embodiments were tested for pregnant women, patients with
hepatocellular, lung and colorectal carcinoma, and subjects
following bone marrow and liver transplantation.

In most subjects, white blood cells were the predominant
contributors to the circulating DNA pool. The placental
contributions in pregnant women correlated with the pro-
portional contributions as revealed by fetal-specific genetic
markers. The graft-derived contributions to the plasma 1n the
transplant recipients correlated with those determined using,
donor-specific genetic markers. Patients with hepatocellular,
lung or colorectal cancer showed elevated plasma DNA
contributions from the organ with the tumor. The liver
contributions 1n hepatocellular carcinoma patients also cor-
related with measurements made using tumor-associated
copy number aberrations.

In cancer patients and 1n pregnant women exhibiting copy
number aberrations 1n plasma, methylation deconvolution
pinpointed the tissue type responsible for the aberrations. In
a pregnant woman diagnosed as having follicular lymphoma
during pregnancy, methylation deconvolution indicated a
grossly elevated contribution from B-cells mnto the plasma
DNA pool and localized B-cells (instead of the placenta) as
the origin of the copy number aberrations observed in
plasma. Accordingly, embodiments may serve as a powertul
tool for assessing a wide range of physiological and patho-
logical conditions based on the identification of perturbed
proportional contributions of different tissues into plasma.
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A. Contribution of Diflerent Types of Blood Cells

As an example of the methylation deconvolution, we
determined the contribution of different tissues and cell
types to the circulating DNA. Two blood samples were
collected from two patients suflering from systemic lupus
erythematosus (SLE). After collection, the venous blood
samples were centrifuged at 1,500 g for 10 minutes. After
centrifugation, the blood cells and the plasma were sepa-
rated. DNA was then extracted from the blood cells. The
DNA was bisulfite converted and sequenced using one lane
of a flow cell 1n a Hi1Seq2000 sequencer. Two blood cell
samples were analyzed using the cell-type-specific methyl-
ation pattern analysis. The methylation patterns of neutro-
phils, lymphocytes, the esophagus, colon, pancreas, liver,
lung, heart, adrenal glands and hippocampus were included
as potential candidates of the blood cell DNA. 609 methyl-
ation markers were selected for the analysis. The whole
blood samples of the two subjects were also sent for cell
counting to determine the fractional composition of the
neutrophils and lymphocytes of the blood cells.

TABLE 2

Blood tissue contributions by deconvolution pattern
analysis and cell counting

Blood sample 1 Blood sample 2

Cell type- Cell type-
specific specific
methylation methylation
pattern Blood cell pattern Blood cell
analysis counting analysis counting
Neutrophils 90.5% 93.6% 89.4% 89.9%
Lymphocytes 9.5% 0.4% 10.6% 10.1%
Esophagus 0% — 0% —
Colon 0% — 2% —
Pancreas 0% — 0% —
Liver 0% — 1% —
Lung 1% - 1%0 -
Heart 0% — 3% —
Adrenal gland 0% — 0% —
Hippocampus 0% — 0% —

For methylation pattern analysis, neutrophils and lym-
phocytes were determined as the major components consti-
tuting the blood cell DNA. The relative proportion of the
contribution of neutrophils and lymphocytes resemble their
relative abundance in the blood samples according to the cell
counting analysis.

B. Pregnant Women

The contributions of different tissues, including the liver,
lung, pancreas, colon, hippocampus, small intestines, blood
cells, heart, adrenal gland, esophagus and placenta, were
analyzed using methylation analysis of the plasma DNA of
pregnant women. As the placental genotype 1s in general
identical to the fetus’s genotype but different from the
pregnant woman’s genotype, the precise contribution of the
placenta to the maternal plasma can be accurately deter-
mined by counting the number of fetal specific-alleles 1n the
sample.

1. Composition and Correlation to Fetal DNA Percentage

Genome-wide bisulfite sequencing of plasma DNA was
performed for 15 pregnant women, five from each of first,
second and third trimesters. Methylation deconvolution was
performed and the percentage contributions from diflerent
tissues were deduced. The contributions of different organs
were determined based on the methylation levels (such as
methylation densities) of all the type I and type II markers
in table S1 using quadratic programming analysis.
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FIG. 3A shows a graph 300 of percentage contributions of
different organs to plasma DNA for 15 pregnant women
according to embodiments of the present invention. Each bar
corresponds to the results of one sample. The different colors
represent the contributions of different organs 1nto plasma.
These results show that the white blood cells (1.e. neutro-
phils and lymphocytes) are the most important contributors
to the plasma DNA pool. This observation 1s consistent with
those previously obtained following bone marrow transplan-
tation (Lu1 Y Y et al. Clin Chem 2002; 48: 421-7).

FIG. 4 shows a table 400 of percentage contributions
determined from a plasma DNA tissue mapping analysis
among pregnant women according to embodiments of the
present invention. These results also show that the placenta
1s another key contributor of the plasma DNA 1n pregnant
women, with fractional concentrations from 9.9% to 38.4%.

We also measured the placental contributions using pater-
nally-inherited fetal single nucleotide polymorphism (SNP)
alleles that were not possessed by the pregnant women as
previously described (31). To analyze the fetal-specific SNP
alleles, the genotypes of the fetuses were determined by
analyzing the chorionic villus samples or the placenta. The
genotypes of the pregnant women were determined by
analyzing the blood cells. The SNP-based results show the
independent validation of the methylation deconvolution
results.

FIG. 3B shows a plot 350 of a correlation between the
plasma DNA {fractions contributed by the placenta deduced
from plasma DNA methylation deconvolution and the fetal
DNA {fractions deduced using fetal-specific SNP alleles
according to embodiments of the present invention. Plot 350
shows that the placental contributions determined by meth-
ylation deconvolution have a strong correlation with the
tetal DNA fractions measured using SNPs (r=0.99, p<0.001,
Pearson correlation). Accordingly, a good positive correla-
tion 1s observed between the values of the two parameters,
suggesting that the plasma DNA methylation deconvolution
accurately determines the contribution of the placenta to the
maternal plasma samples.

FIG. 5 shows plots of percentage contributions of organs
other than the placenta by plasma DNA tissue mapping and
fetal DNA fractions based on {fetal-specific SNP alleles
according to embodiments of the present invention. The
X-axis represents the fetal DNA fractions estimated by
SNP-based analysis and the Y-axis represents the percentage
contribution deduced by plasma tissue DNA mapping analy-
s1s. Plasma DINA contributions of the neutrophils show a
reverse correlation. This 1s likely due to the fact that neu-
trophils are a major contributor to the plasma DNA pool and
hence, as the placental contribution increases, the relative
contribution from the neutrophils would by necessity
decrease. The methylation deconvolution results of the
remaining tissues show no correlation with the fetal DNA
fraction.

FIG. 6 shows a table 600 of percentage contributions from
plasma DNA tissue mapping analysis among the non-preg-
nant healthy control subjects according to embodiments of
the present invention. When the process was applied to
plasma of non-pregnant healthy controls, placental contri-
bution was absent 1n most samples (median: 0%; inter-
quartile range: 0% to 0.3%).

2. Comparison of Selected Markers vs. Random Markers

The accuracy of the percentage contributions was tested
with select markers relative to random markers. Diflerent
composition calculations were done for different sets of
markers. One set was chosen based on criteria mention
above, and the other was a random set. The results show that
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it 1s 1important to judicially choose the methylation markers
(genomic loci) use, 1n order to obtain accurate results.

Eleven pregnant women and four healthy non-pregnant
subjects were recruited for this analysis. Their plasma DNA
was bisulfite converted and sequenced using the Illumina
HiSeq2000 sequencer. Each plasma sample was sequenced
with one lane of a sequencing tlow cell. The sequence reads
were then analyzed using a bioinformatic program, Methy-
Pipe (Jiang P. PLoS One 2014; 9: €100360). This program
can align the bisulfite-converted sequence reads to the
reference genome and determine the methylation status of
cach CpG site on each sequenced fragment.

The first set of markers have high specificity for identi-
tying the different tissues in the plasma DNA. For each
tissue type, markers that have the biggest difference in
methylation density compared with the other tissues were
selected. The markers were determined from genomic
regions containing at least one CpG dinucleotide. In this
example, CpG 1slands (CGIs) were used as potential mark-
ers, having a high frequency of CpG sites in a particular
stretch of DNA. CGIs 1n this particular example are down-
loaded from the Umversity of Califorma, Santa Cruz
(UCSC) database: (genome.ucsc.edu). In total, we obtained
27,048 CpG 1slands from the human genome. The median
s1ze of a CpG 1sland 1s 565 bp (range: 200 bp to 45 kb). 90%
of the i1slands are less than 1.5 kb.

For each methylation marker, the difference in methyl-
ation density between the tissue-of-interest and the other
tissues was determined. The difference 1s then expressed as
the number of standard deviations (SDs) across the other
tissues. For the tissue-of-interest, all the markers were
ranked according to this difference in methylation density.
The 20 markers with the biggest difference above (10
markers) and below (10 markers) the mean methylation
densities of the other tissues were selected. The number of
markers can vary, for example, but not limited to 5, 15, 20,
30, 40, 50, 100 and 200.

In addition, markers with a high variability across all the
different tissues were also selected. In this example, markers
with >50% difference between the tissues with the highest
and lowest methylation densities were selected. In other
applications, other values, for example, but not limited to
20%, 30%, 40%, 60%, 70% and 80%, can be used. Further-
more, the vanability of methylation densities across difler-
ent tissues was also calculated based on the mean and SD.
In this example, a marker was also selected if the value of
SD 1s more than two times the mean. In other applications,
other cutofl values, for example, but not limited to 1, 1.5, 2.5
and 3, can also be used. Based on these selection criteria,
344 methylation markers were selected for the first set.

For the second set, 341 markers were randomly selected
from the 27,048 CGlIs discussed above. All the CGIs were
first numbered from 1 to 27,048. Then a random number
(between 1 and 27,048) was generated by a computer for
marker selection. This process was then repeated until a total
of 341 markers were selected. If a random number generated
had been used, another one would be generated. This set of
markers 1s expected to have a much lower specificity in
identifying the tissue-specific methylation patterns. Thus,
the accuracy of determining the composition of the plasma
DNA 1s expected to be reduced.

FIG. 7 shows a table 700 of the estimated contributions of
different organs to the plasma DNA for 11 pregnant women
and 4 non-pregnant healthy subjects using the first set of
markers (with high organ specificity) according to embodi-
ments of the present invention. The fetal DNA {ractions
were determined by counting fetal-specific alleles and are




US 10,689,706 B2

23

shown 1n the bottom row. In each of the four non-pregnant
control subjects, the contribution of the placenta to the
plasma was determined to be close to 0%. This indicates the
specificity of this approach.

FIG. 8 shows a table 800 of the estimated contributions of 53
different organs to the plasma DNA for 11 pregnant women
and 4 non-pregnant healthy subjects using the second set of
markers (with low organ specificity) according to embodi-
ments of the present invention. The fetal DNA {fractions
determined by counting fetal-specific alleles are shown 1 10
the bottom row. Using these less specific markers, a rela-
tively non-concordant percentage of contribution from the
placenta was observed, and considerable contributions from
the placenta were observed 1n the four non-pregnant control
subjects. This indicates that the tissue specificity of the 15
markers 1s important 1n this approach.

FIG. 9A 15 a plot 900 showing the correlation between the
estimated fetal DNA fraction (contribution from the pla-
centa) and the fetal DNA {fraction determined by counting
the fetal-specific alleles 1n the maternal plasma samples. The 20
results from the two techniques have good correlation using,
the first set of methylation markers. However, using the
second set of methylation markers, the estimation by using
the methylation analysis showed significant deviation from
the true values determined using fetal-specific alleles count- 25
ng.

FIG. 9B 1s a plot 950 showing absolute difference
between the estimation from methylation markers and fetal
DNA fraction determined by fetal-specific alleles counting.
The median error of the estimation using methylation analy- 30
s1s were 4% and 8% using the first set of markers and the
second set ol markers, respectively.

C. Effect of Diflerent Criteria

As described above, various criteria can be used to
identify markers of different types. For example, a type 1 35
marker can be identified by a methylation level 1n a par-
ticular tissue that 1s diflerent from the mean methylation
level for all tissues, e.g., at least by a specific threshold, such
as 3 SD. And, for type II markers, criteria of a certain
variation and maximum difference are used. Sections below 40
show accuracy of different criteria for 1identitying markers.

1. Performance of Markers with Less Stringent Criteria

We compared the performance of methylation deconvo-
lution analysis using markers with different vanability
across different tissues. The placental contributions to 45
plasma DNA were determined for 135 pregnant women based
on two sets of markers with different selection criteria. Both
sets ol markers include all the type I markers as described 1n
previous sections. However, the selection criteria of type 11
markers are different for the two sets of markers. 50

Set I markers include all the 5,820 type II markers
tulfilling the criteria of having methylation density CV>0.25
and the difference between the maximum and minimum
methylation densities for the groups of tissues exceeding
0.2. For Set II markers, the CV requirement was >0.15 and 55
the difference between the maximum and minimum meth-
ylation densities for the groups of tissues exceeded 0.1.
There were 8,511 type II markers in this set of markers.

FIG. 10A 1s a graph 1000 showing placental contribution
to plasma DNA deduced using markers with different selec- 60
tion criteria according to embodiments of the present inven-
tion. The vertical axis corresponds to placental contribution
deduced using the set II markers. The horizontal axis cor-
responds to placental contribution deduced using the set I
markers. There was a good correlation between the placental 65
contribution results based on the two sets of markers with
different selection criteria (r=0.99, Pearson correlation).
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Accordingly, good accuracy can be obtained using the
requirements of CV>0.15 and of the diflerence between the
maximum and mimmum methylation densities for the
groups of tissues exceeding 0.1.

2. Effect of Methylation Level Vanation within Same
Type of Tissue

To imvestigate 11 the vanation in methylation level of
markers between the same type of tissues (e.g. from diflerent
individuals) would aflect the performance of deconvolution
analysis, we analyzed placental tissues from two pregnant
cases. Two categories of methylation markers were 1dent-
fied. Specifically, the two categories were 1dentified based
on their similarity 1n methylation levels 1n two placental
tissues. Markers of category 1 have a methylation density of
10% or lower. Markers of category 11 have high vanability
between the two placental tissues (diflerence 1n methylation
density of more than 10%).

FIG. 10B 1s a graph 1050 showing the accuracy of plasma
DNA deconvolution using markers with low varnability
(category 1) and high variability (category 11) in the same
type of tissue. Plasma DNA deconvolution was performed to
determine the placental contribution to the plasma DNA for
15 pregnant women. For each marker, the mean of the
methylation densities of the two placental tissues were used
to represent the methylation level of the placenta in the
analysis. For each of the deconvolution analysis using the
category 1 and category 11 markers, a total of 1,024 markers
were used.

The amount of placentally-derived DNA 1n plasma was
further determined based on the proportion of the fetal-
specific SNP alleles. The percentage contribution deduced
by the methylation deconvolution analysis based on cat-
egory 1 and category 11 markers were then compared with the
results based on fetal-specific SNP alleles. The median
deviation of the derived placental contribution from the
value estimated based on fetal-specific alleles was 2.7% and
7.1% using category 1 and category 11 markers, respectively.
Thus, the use of category 1 markers which had lower
inter-individual vanation in the tissue methylation level
gave better accuracy in the methylation deconvolution
analysis.

Significantly higher difference between the results from
methylation deconvolution and fetal-specific allele analysis
was observed when markers with high variability within the
same type of tissue (category 11) were used (P<t0.0001,
Wilcoxon sign-rank test). In other words, the use of markers
with low vanability within the same type of tissue would
increase the accuracy of methylation deconvolution analy-
s1s. Accordingly, markers can be selected based on the
variability within the same type of tissues, for example, but
not limited to the value of CV and the difference between the
maximum and minimum methylation density for the same
type of tissues.

IV. Deconvolution of Fetal Signatures

If a genomic signature (e.g., a particular SNP allele) 1s
known, embodiments can determine which tissue 1s the
origin of such signatures. Thus, 1f a particular signature 1s
representative of a fetus (e.g., a paternal allele at a particular
locus), then the fractional contribution for the signature
would be substantial for the placental tissue.

To 1illustrate that single nucleotide alteration can also be
used to determine the tissue of origin that the alteration 1s
derived from, we analyzed the plasma DNA of a pregnant
woman. The placenta and the maternal bully coat were
genotyped to 1dentity the SNPs that the mother was homozy-
gous and the fetus was heterozygous. We denote the allele
shared by the fetus and the mother as A and the fetal-specific
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allele as B. Therefore, the mother had a genotype of AA and
the fetus had a genotype of AB at each of these SNPs.

After bisulfite sequencing of the maternal plasma DNA,
all DNA fragments carrying the fetal-specific allele (B
allele) and at least one CpG site were selected and used for
downstream analysis. A total of 1.31 billion fragments were
sequenced and 677,140 fragments carrying the fetal-specific
allele (B allele) were used for the deconvolution analysis.
All CpG sites that were covered by at least 10 DNA
fragments were used for deconvolution analysis. Other num-
bers of DNA fragments covering a site can be used, such as
5, 15, 20, 25, or 30. As the B allele was fetal specific, these
DNA fragments were expected to be derived from the
placenta.

TABLE 3

Methylation deconvolution analysis using fetal-specific allele.

Tissue Contribution (%)
Liver 0.9
Lung 0.0
Colon 0.0
Small intestines 0.0
Pancreas 0.5
Adrenal glands 0.0
Esophagus 3.1
Adipose tissues 0.0
Heart 0.0
Brain 0.3
T cells 0.0
B cells 0.0
Neutrophil 0.0
Placenta 95.2

In Table 3, from the methylation deconvolution analysis,
it was shown that the placenta was deduced to be the major
contributor for these DNA fragments carrying fetal-specific
SNP alleles. These results suggest that the methylation
deconvolution analysis accurately identified the tissue origin
of these DNA fragments carrying fetal-specific alleles.

This shows that a particular allele can be attributed to a
tetus. Such a technique 1s described 1n more detail below for
determining genotypes and haplotypes of a fetus using
methylation deconvolution analysis.

V. Determination of Fetal Genome (Mutational Analysis)

For noninvasive prenatal testing, the analysis of the
inheritance of a maternal mutation using maternal plasma
DNA 1s a challenging task. For example, 1f a pregnant
woman 1s heterozygous for a mutation, the analysis on the
mutational status of the fetus using maternal plasma DNA
analysis would be technically diflicult because both the
mutant and the normal alleles would be present in her
plasma, regardless of the mutational status of her fetus.
Previously, a number of different approaches have been

developed to address this problem (Lun et al. Proc Natl Acad
Sc1 USA. 2008; 105:19920-5; Lo et al. Sc1 Transl Med.

2010; 2:61ra91; Lam et al. Clin Chem. 2012; 58:1467-75).
The principle of these previous approaches involves the
comparison between the relative amounts of the mutation
and the normal allele 1n maternal plasma. To enhance the
statistical power of the comparisons, some of these

approaches further involve the comparisons of the relative
amounts of SNP alleles linked to the mutation and those

linked to the normal allele. As an alternative or 1n addition,
some embodiments of the present invention can deduce the
mutational status of the fetus by methylation deconvolution
analysis.
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A. Contribution for Alleles Using Methylation Deconvo-
lution

In this example, a genotype of the fetus 1s determined.
Assume the genotypes of the father and mother are NN and
MN at a particular locus, respectively. M and N denote the
mutant and normal alleles, respectively. In this scenario, the
fetus can 1nherit either the M allele or the N allele from the
mother. Therefore, there are two possible genotypes for the
fetus, namely MN and NN. In maternal plasma, DNA
carrying the fetal genotype 1s actually derived from the
placenta. Thus, these DNA fragments would exhibit the
placental methylation profile.

FIG. 11A shows a first scenario where the fetus has
inherited the M allele from the mother and has a genotype
of MN at a particular locus according to embodiments of the
present invention. In the top part of FIG. 11A (labeled
Genotypes), the father 1s shown as having genotype NN, the
mother 1s shown as having genotype MN, and the fetus 1s
shown as having genotype MN. The DNA fragments that
exhibit the placental methylation profile are marked with a
P, where are shown on the fetal genotype. For example, the
placental methylation profile can correspond to certain
methylation levels at genomic sites near the particular locus.
DNA fragments that align to the particular locus can also
include genomic sites near the locus (e.g., within 200 bp of
the locus), and thus can be used to measure methylation
levels for the methylation deconvolution analysis. Consid-
ering the genotypes of the parents, the M allele 1s specific for
the mother and the N allele 1s shared between the father and
the mother.

In the bottom part of FIG. 11 A (labeled Maternal plasma),
instances of the two alleles M and N are shown, with each
instance representing a different DNA molecule i the
plasma at the locus of mterest. Only a small number of DNA
molecules are shown {for illustration purposes. In this
example, the fetal DNA percentage 1s assumed to be 25%, as
shown by 25% of the DNA molecules being marked with a
P.

In the maternal plasma sample, we selectively analyzed
the DNA fragments carrying the M allele and performed the
methylation deconvolution analysis. Because the fetus has a
genotype of MN, the placenta would contribute both M and
N alleles to the maternal plasma DNA. Therefore, some of
the DNA fragments carrying the M allele would also carry
the placenta-specific methylation profile at genomic sites
near the locus. The methylation deconvolution analysis
would indicate that some of the DNA fragments carrying the
M allele would be derived from the placenta, and thus the
fetal genotype does include the M allele.

FIG. 11B shows a second scenario where the fetus has
inherited the N allele from the mother and has the genotype
of NN at a particular locus according to embodiments of the
present invention. In this situation, only the DNA fragments
carrying the N allele would exhibit the placental methylation
profile in maternal plasma. Thus, the selective analysis of the
DNA fragments carrying the M allele with methylation
deconvolution would indicate that these DNA fragments do
not have significant contribution from the placenta. Accord-
ingly, it can be determined that the fetus does not have M,
and thus has a genotype of NN.

In some embodiments, the placental contribution for the
M and N alleles can be compared. Here, we assume that the
tetal DNA accounts for approximately 10% of the total
maternal plasma DNA. The selective deconvolution of the
M and N alleles would be usetul to indicate which allele the
tetus has inherited from the mother. The expected results are
shown 1n Table 4 below:
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TABLE 4

Placental contributions for M and N alleles for NN paternal genotype.

Fetal genotype

MN NN
Placental contribution for Approximately Insignificant
plasma DNA carrying the 10% (close to zero)
M allele
Placental contribution for Approximately Approximately
plasma DNA carrying the 10% 20%
N allele
Ratio of placental 1:1 0:2

contribution for M and N
alleles (M:N)

In Table 4, the percentage placental contribution of the M
and N alleles can be compared. An approximately equal
placental contribution for the two alleles (e.g., within a
threshold of each other) suggests that the fetal genotype 1s
MN. On the other hand, a significantly higher placental
contributions for the N allele compared with the M allele
would indicate a fetal genotype of NN.

In another embodiment, the paternal genotype does not

need to be taken 1nto account. In this situation, the possible
genotypes of the fetus include MM, MN, and NN.

TABLE 5

Placental contributions for M and N alleles for
unknown paternal genotype.

Fetal genotype

MN NN MM
Placental contribution  Approximately  Insignificant  Approximately
for plasma DNA 10% (close to zero) 20%
carrying the M allele
Placental contribution  Approximately Approximately  Insignificant

for plasma DNA
carrying the N allele
Ratio of placental

contribution for M
and N alleles (M:N)

10% 20% (close to zero)

1:1 0:2 2:0

In table 3, the placental contribution for the DNA frag-
ments carrying the M and N alleles for different fetal
genotypes are shown. When the fetus has a genotype of MM,
the placental contribution for the M allele would be signifi-
cantly higher than that for the N allele. When the fetus has
a genotype of NN, the placental contribution for the N allele

would be significantly higher than that for the N allele.
When the fetus has a genotype of NM, the placental con-
tribution for the M allele would be approximately equal to
the placental contribution for the N allele.

Accordingly, where the paternal genotype 1s not known,
fractional contributions can be determined for both alleles.
That 1s, a first fractional contribution can be determined
using a first set of cell-free DN A molecules that align to the
locus and include N. Methylation levels of the first set of
cell-free DNA molecules can be measured at K genomic
sites near the locus. And, a second fractional contribution
can be determined using a second set of cell-free DNA
molecules that align to the locus and include M. Methylation
levels of the second set of cell-free DNA molecules can be
measured at the K genomic sites near the locus. For the first
scenario of the fetal genotype being MN, the fractional
contributions determined for either allele would be about the
same, as can be tested to by determining whether the
fractional contributions are within a threshold value of each

other.
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To 1llustrate the feasibility of this approach, we analyzed
the plasma DNA of a pregnant woman. The plasma DNA
was bisulfite converted and analyzed using massively par-
allel sequencing. In addition, the placenta and blood cells
were analyzed to determine the genotype of the fetus and the
mother. For illustration purposes, a SNP located within the
KLF2 gene was analyzed. For this SNP, the genotypes of the
mother and the fetus were CG and CC, respectively. With
this genotype combination, the placenta would contribute
the C allele to the maternal plasma, but all the G alleles 1n
the maternal plasma would be derived from the maternal
tissues.

In the sequencing data, there were 24 fragments carrying,
the G allele and 55 fragments carrying the C allele. The CpG
sites within these DN A fragments were used for methylation
deconvolution. In this analysis, an objective 1s to determine
the placental contribution of the two alleles. To illustrate the
principle, only the placenta and the blood cells were con-
sidered as candidate tissues for the methylation deconvolu-
tion analysis. In another embodiment, three or more types of
tissues can be used as candidates. In yet another embodi-
ment, tissues expected to have significant contribution, for
example blood cells, liver, lung, intestines and placenta, can
be used as candidates.

TABLE 6

Placental contributions for C and G alleles for unknown paternal genotype.

C allele G allele C/Q ratio
Placenta 62.6% 1.8% 34
Blood cells 37.4% 08.2%

In Table 6, the contribution from the placenta was
deduced to be 62.6% and 1.8% for the C allele and the G
allele, respectively. The ratio of placental contribution for
C/G 1s 34. These results suggest that the genotype of the
tetus would be CC. This 1s consistent with the genotyping
result of the placental tissue.

This embodiment 1s different from and potentially has
more utility than a previous method for noninvasive prenatal
testing based on the analysis of allelic ratio for DNA with a
specific methylation pattern (Tong et al. Clin Chem 2006;
52: 2194-202). In this previous method, tissue-specific DNA
1s {irst 1dentified from a DNA mixture (e.g. plasma DNA)
based on methylation pattern. For example, a particular gene
1s completely unmethylated 1n the blood cells and methyl-
ated 1n the placenta. The 1dentification 1s performed using an
enzyme that leaves the methylated placental DNA 1ntact.

Thus, all the methylated DN A molecules remaining 1n the
plasma would be derived from the placenta rather than from
the blood cells. Then, the allelic ratio for a SNP located on
the placenta-derived DNA molecules can be determined by
measuring amounts of the diflerent alleles at the locus using
the intact placental DNA. When the fetus 1s heterozygous for
the SNP, the ratio of the two alleles 1n the placenta-specific
DNA would be approximately 1. However, 1t the fetus 1s
aflected by an aneuploid chromosome and has three copies
of the chromosome carrying this particular SNP, the ratio of
the two alleles would be either 1:2 or 2:1.

In this previous method, the tissue-specific DNA mol-
ecules need to be first 1dentified based on a methylation
status that 1s unique to the tissue of interest. The methylated
DNA molecules are unique for the placenta because the
blood cells are completely unmethylated for the targeted
region. However, 1n this present embodiment, the unique-
ness of a certain methylation state 1s not required. The
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candidate tissues only need to be diflerent in their methyl-
ation profiles, accordingly more loci can be used, thereby
enabling haplotype deconvolution. Thus, the tissue contri-
butions can be determined for the different alleles based on
their methylation profiles. Further, the previous method may
be more susceptible to statistical variations as the numbers
of fetal reads with each allele are compared directly to each
other. Whereas, when the placental contributions are com-
pared to each other, the numbers of fetal reads are not
compared directly to each other. Instead, the placental
contribution 1s determined from all of the reads (methylated
or not), and thus the placental contributions can be the same,
even when the number of fetal reads diflers. Thus, a cov-
erage bias to one haplotype can be accounted for.

B. Determination of Inherited Haplotype Using Decon-
volution

It has previously been demonstrated that through the
analysis of plasma DNA (or other cell-free DNA) of a
pregnant woman carrying a fetus, the maternal haplotypes
inherited by the fetus can be deduced using the process of
relative haplotype dosage analysis (RHDO) (Lo et al. Sci
Transl Med 2010; 2: 61ra91 and U.S. Pat. No. 8,467,976). In
this method, one uses the haplotype information for the
pregnant woman. This latter information can be obtained
using family analysis or a method for the direct analysis of
the haplotype (e.g. Fan et al. Nat Biotechnol 2011; 29:
51-57; Snyder et al. Nat Rev Genet 2015; 16: 344-358).
SNPs that are heterozygous 1n the mother but homozygous
in the father can be used for the RHDO analysis. Such a use
of specific SNPs can limit the loci1 that can be used, and
therefore limit the amount of data and accuracy. Embodi-
ments may not be so restricted to such specific SNPs.
Further, embodiments can be used in combination with the
above references to provide increased accuracy.

Embodiments can use methylation deconvolution to
determine placental contributions using the cell-free DNA
molecules for two haplotypes. The placental contributions
can be compared to determine which haplotype 1s inherited
by the fetus. Embodiments can start with deduced maternal
or paternal haplotypes, and then measure the methylation
levels of plasma DNA molecules containing SNP alleles 1n
cach of those deduced haplotypes. One can then perform
methylation deconvolution. The fetal haplotype can be 1den-
tified as the one with the highest placental contribution from
the methylation deconvolution analysis. In all of the above
embodiments, the paternal or maternal haplotypes can,
instead of bemng a deduced one, also be determined by
family analysis (i1.e. by analyzing the DNA of other family
members) or by a direct method (e.g. the method described
by Fan et al Nat Biotechnol 2012).

1. Maternal Haplotypes

In this example, we demonstrate plasma DNA methyl-
ation deconvolution analysis can be used for deducing the
maternal haplotypes inherited by an unborn fetus. A source
of genomic DNA from the pregnant woman, e.g. the buij
coat DNA, can be subjected to genotyping, e.g. using a
microarray. Then, the maternal genotyping results are
entered 1nto a haplotype deduction program (e.g.,
IMPUTEZ2, Howie et al. PLoS Genet. 2009; 7:¢1000529) to
deduce the likely first maternal haplotype and the second
maternal haplotype. Population-specific genotype and hap-
lotype information can be taken into consideration for
improving the accuracy of deduction. In other embodiments,
the parental haplotypes can be worked out by single mol-

ecule analysis, for example but not limited to the methods
described by Fan et al (Nat Biotechnol. 2011; 29:51-7)

Kaper et al (Proc Natl Acad Sc1 USA. 2013; 110:5552-7),
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Lan et al, (Nat Commun 2016; 7:11784) and Selvaraj et al
(Nat Biotech 2013; 31:1111-1118). Then, maternal plasma
DNA can be subjected to genome-wide bisutlite sequencing
and alignment to reference genomic sequences. Methylation
deconvolution can then be performed for each of the pre-
dicted haplotypes. As fetal DNA 1in maternal plasma 1is
predominantly of placental origin, the maternal haplotype
inherited by the fetus 1s the one that shows the highest
placental contribution.

The maternal haplotype information can be used to link
the SNP alleles and the CpG sites on the same homologous
chromosome together. Then, DNA fragments from the same
chromosome copy (haplotype) can be identified using the
SNP alleles. The CpG sites (or other sites) on this particular
chromosome copy (haplotype) can be used for the methyl-
ation deconvolution. As the number of CpG sites that can be
used for deconvolution would be proportional to the number
of SNPs on the homologous chromosome and much bigger
than the number of CpG sites linked to a single SNP in the
haplotype-based deconvolution analysis, this method would
be more precise than the deconvolution analysis using CpG
site(s) that are linked to a single SNP. The principle 1s
illustrated in FIG. 12A.

FIG. 12A shows a determination of a maternal haplotype
inherited by a fetus using methylation deconvolution accord-
ing to embodiments of the present invention. In the top part
of FIG. 12A, the two haplotypes of the mother and the fetus
are shown at three loci that the mother 1s heterozygous. The
two maternal haplotypes are labeled as Hap I and Hap II. In
this example, the fetus has inherited Hap I from the mother.
For illustration purpose, only the SNP loci1 that the mother 1s
heterozygous are shown. For 1llustration purposes, the father
1s homozygous for each of these loci 1n this example.
However, the same principle extends to scenarios that the
father 1s heterozygous without any change.

In the bottom part of FIG. 12A (labeled Maternal plasma),
instances of the two alleles at each locus are shown, with
cach 1nstance representing a different DNA molecule 1n the
plasma at the locus of mterest. Only a small number of DNA
molecules are shown for illustration purposes. In this
example, the fetal DNA percentage 1s assumed to be 20%, as
shown by 20% of the DNA molecules being marked with a
P.

In maternal plasma, the DNA molecules carrying the fetal
genotype are dertved from the placenta and therefore car-
rying the placental specific methylation patterns. The circles
labeled with “P” represent the CpG sites exhibiting the
placental methylation pattern near the heterozygous locus. A
read including a heterozygous locus and a neighboring site
can be used for measuring a methylation level for detecting
the placental methylation pattern. In this example, an objec-
tive 1s to determine 1f the fetus has inherited Hap I or Hap
II from the mother. To achieve this, plasma DNA fragments
that carry alleles on Hap I and cover at least one CpG site
are selected for methylation deconvolution. As the fetus has
inherited Hap I from the mother, the placenta would con-
tribute a significant proportion to this pool of plasma DNA
molecules. On the other hand, when the fragments carrying
alleles on Hap II are analyzed with methylation deconvolu-
tion, a very low contribution from the placenta would be
observed.

To 1llustrate this, we analyzed the maternal plasma sample
stated above for Table 6. We focused on a 5-Mb region on
chromosome 1. SNPs where the mother was heterozygous
and the fetus was homozygous were selected for the analy-
sis. For each of these SNP loci, the alleles that were shared
between the mother and the fetus formed one haplotype
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(denoted as Hap I) and the alleles that were present only on
the maternal genome formed another haplotype (denoted as
Hap II). Thus, in this example, there are two maternal
haplotypes (Hap I and Hap II) and the fetus has inherited
Hap I from the mother. In the maternal plasma, the DNA
fragments carrying the alleles on Hap I and those carrying
the alleles on Hap II were analyzed separately using meth-
ylation deconvolution. All the CpG sites on the same plasma
DNA molecule of a heterozygous SNP were used for the
deconvolution analysis. In this example, none of these CpG
sites overlapped with type I or type Il markers.

TABLE 7

Methvlation deconvolution for Hap [ and Hap II.

Hap I Hap II

Liver 0% 0%
Lung 0% 6.7%
Colon 3.4% 6.2%
Small 0% 10.6%
intestines

Pancreas 4.1% 0%
Adrenal 0% 4.6%
glands

Esophagus 0% 0%
Adipose 3.7% 3.6%
tissues

Heart 0% 0%
Brain 6.8% 10.6%
T cells 6.8% 21%
B cells 8.9% 11.7%
Neutrophil 12.7% 25%
Placenta 53.5% 0%

Table 7 shows deconvolution of plasma DNA fragments
carrying the alleles on the two maternal haplotypes, namely
Hap I and Hap II. The fetus had inherited the maternal Hap
I. From this deconvolution analysis, the placenta was
deduced to contribute 53.5% of the plasma DNA fragments
carrying the alleles on Hap 1. On the other hand, there was
no contribution from the placenta to the plasma DNA
fragments carrying the alleles on Hap II. Therefore, the
methylation deconvolution analysis had accurately predicted
that the fetus had mherited Hap 1 from the mother. Greater
accuracy may be achieved using CpG sites that overlap with
type I and/or type II markers.

As a further example, to demonstrate the practical utility
of this approach, another pregnant woman was recruited.
Maternal peripheral blood was taken. The blood sample was
fractionated into plasma and the cellular components. The
maternal bully coat was analyzed using an Illumina Huma-

nOmni1 2.5-8 BeadChip array. We used IMPUTE2 (Howie et
al. PLoS Genet. 2009; 7:¢1000529) to deduce the phase of
851 heterozygous SNPs on a 5 Mb region on the telomeric
end of chromosome 1p. The haplotype phasing was based on

reference haplotypes of 1000 genomes (mathgen. stats.ox.
ac.uk/impute/1000GP_Phase3.tgz).

After the phased haplotypes were obtained, the CpG sites
linked to the two haplotypes were used to perform methyl-
ation deconvolution. All the CpG sites on the same plasma
DNA molecule of a heterozygous SNP were used for the
deconvolution analysis. In this example, none of these CpG
sites overlapped with type I or type II markers. Among the
851 SNPs used for the deconvolution, 820 (96.2%) were on
intron and 1ntergenic regions. None of them overlapped with
CpG 1slands or shores.
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TABLE 8

Methvlation deconvolution for Hap I and Hap II.

Hap
Hap I 11
Liver 0 0
Lung 0 5.4
Colon 0 6.2
Small intestine 0 0
Pancreas 0 25
Adrenal glands 0 0
Esophagus 0 0
Adipose tissues 0 17.8
Heart 0 0
Brain 0 0
T cells 11 7.9
B cells 0 0
Neutrophils 20.2 28.4
Placenta 68.9 9.3

Table 8 shows a deconvolution of plasma DNA fragments
carrying the alleles on the two maternal haplotypes deduced
from a panel of reference haplotypes. The two haplotypes
are named Hap I and Hap II. The deduced Hap I has

significantly higher amount of placental contribution than
Hap II, namely, 68.9% versus 9.3%. Thus, the maternal Hap
I was deduced to have been inherited by the fetus. The
maternal inheritance relied on haplotype deduction was
consistent with results from maternal and fetal genotypes.
An advantage of this method 1s that one 1s not restricted
to SNPs for which the father of the fetus 1s homozygous and
the mother of the fetus 1s heterozygous. Indeed, in the above
example, we had performed the analysis without knowing or
deducing the paternal genotype or haplotype. This 1s an

advantage over previously described methods ((Lo et al. Sci
Transl Med 2010; 2: 61ra91, U.S. Pat. No. 8,467,976, Fan et

al. Nature 2012; 487: 320-324, Kitzman et al. Sci1 Transl
Med 2012; 4: 137ra76).

In some embodiments, a first fractional contribution for a
first haplotype can be compared to a reference value derived
based on the fetal DNA fraction to determine whether the
haplotype has been inherited by the fetus. The cutoils can be
calculated as for example but not limited to 1 time, 1.2 times,
1.4 times, 1.6 times, 1.8 times, 2 times, 2.2 times, 2.4 times,
2.6 times or 2.8 times of the fetal DNA fraction. In this
manner, the second {fractional contribution for a second
haplotype does not need to be determined, if the first
fractional contribution is sufliciently large.

In some embodiments, the mnherited haplotype may have
a deconvoluted fractional concentration double that of the
fetal fraction and the non-inherited one has an 1nsignificant
contribution. The contribution of the non-inherited haplo-
type may not have a zero contribution as the paternal
haplotypes may give noise to this analysis because some
paternal alleles may be the same as the maternal alleles. IT
the level of noise 1s high, the fractional contribution of the
second haplotype can be determined, and the one with a
higher deconvoluted fraction can be deduced to be inherited
by the fetus.

Some 1mplementations could test both haplotypes using
the reference value, to confirm that only one 1s mherited. IT
both appear to be mherited, then the two fractional contri-
butions can be compared to each other. Additionally, 1f both
appear to be inherited, the paternal genome can be checked,
as the fetus could have inherited a paternal haplotype that
matches the non-inherited maternal haplotype.

In other embodiments, the second fractional contribution
can be used to determine the reference value, e.g., the second
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fractional contribution plus a threshold value. Thus, the
reference value can be a sum of the second {ractional
contribution and a threshold value.

2. Paternal Haplotype

In another embodiment, methylation deconvolution
analysis can be applied for the analysis of the paternal
haplotype inheritance.

FIG. 12B shows an illustration of the paternal haplotype
methylation analysis according to embodiments of the pres-
ent invention. Methylation deconvolution can be performed
on the maternal plasma DNA fragments carrying the alleles
on paternal Hap III and Hap IV. As Hap III has been
inherited by the fetus, the placental contribution would be
higher for Hap III compared with Hap IV. Thus, the paternal
inheritance of the fetus can be deduced.

This embodiment has advantages over previous methods
based on the analysis of paternal-specific alleles. For
example, Tor SNP at position 1, the A allele 1s present 1n the
father, but not in the mother. Therefore, the detection of the
paternal-specific A allele in maternal plasma indicates the
inheritance of the Hap III by the fetus. However, for SNP at
position 2, both the C and T alleles are not fetal-specific. In
this situation, paternal-specific allele analysis cannot be
used. However, the methylation deconvolution analysis does
not require the presence of paternal-specific allele. Thus,
SNPs that are heterozygous 1n both the father and the mother
can be used for the methylation deconvolution analysis of
the two paternal haplotypes.

Accordingly, a similar process, as used for maternal
haplotypes, can be used to determine which paternal hap-
lotype 1s mherited. In FIG. 12B, the placental contribution
tor Hap III would be higher than the placental contribution
from Hap IV. The paternal haplotypes can be determined 1n
a same or similar manner as the maternal haplotypes can be
determined.

3. Method Using Deconvolution

FIG. 13 1s a flowchart illustrating a method 1300 of
determining a portion of a fetal genome from a maternal
sample using methylation deconvolution according to
embodiments of the present invention. The biological
sample 1includes a mixture of cell-free DN A molecules from
a plurality of tissues types, including maternal tissue types
and a fetal tissue type. The fetus has a father and a mother
being the pregnant female. The portion of the fetal genome
can be an entire chromosome copy or just part of the
chromosome copy. The determined portions of the fetal
genome can be combined to provide information on different
portions of the fetal genome, up to the entire fetal genome.

At block 1310, a plurality of cell-free DNA molecules
from the biological sample are analyzed. Block 1310 can be
performed using techmiques described i block 140 of
method 100 of FIG. 1. For example, at least 1,000 cell-free
DNA molecules can be analyzed to determine where the
cell-free DNA molecules are located, and methylation levels
can be measured as described below. Further, the cell-free
DNA molecules are analyzed to determine a respective allele
of the cell-free DNA molecule. For example, an allele of a
DNA molecule can be determined from a sequence read
obtained from sequencing or from a particular probe that
hybridizes to the DNA molecule, where both techniques can
provide a sequence read (e.g., the probe can be treated as the
sequence read when there 1s hybridization).

At block 1320, a first haplotype and a second haplotype
of a first chromosomal region of a first parental genome of
a first parent of the fetus are determined. One skilled 1n the
art will be aware of various techniques to determine haplo-
types of a parent. The haplotypes may be determined from
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the same sample as used to determine methylation levels
below or from a different sample. In some 1implementations,
the haplotypes can be determined from cellular samples,
¢.g., the bully coat of a blood sample or the tissue of another
organ. Examples of determining haplotypes are provided 1n
U.S. Pat. No. 8,467,976, which 1s incorporated by reference
in 1ts entirety. The first parent can be the mother or the father.
Other examples of methods for detecting the parental hap-
lotypes include, but not limited to the methods described by

Fan et al (Nat Biotechnol 2011; 29: 31-57), Snyder et al (Nat
Rev Genet 20135; 16: 344-358), the GemCode technology

from 10x Genomics (www.10xgenomics.com/), and Tar-
geted Locus Amplification (TLA) technology from Cergen-
t1s (www.cergentis.comy ).

At block 1330, one or more heterozygous loci are 1den-
tified from the first and second haplotypes. Each heterozy-
gous locus has a corresponding first allele 1n the first
haplotype and a corresponding second allele 1n the second
haplotype. The one or more heterozygous loci may be a first
plurality of heterozygous loci, where a second plurality of
heterozygous loci can correspond to a different chromo-
somal region.

At block 1340, a first set of the plurality of cell-free DNA
molecules 1s 1dentified. Fach of the plurality of cell-free
DNA molecules 1s located at any one of the heterozygous
loci1 from block 1330 and includes a corresponding first
allele, so that the cell-free DNA molecule can be 1dentified
as corresponding to the first haplotype. It 1s possible for a
cell-free DNA molecule to be located at more than one of the
heterozygous loci, but typically a read would only include
one heterozygous locus. Fach of the first set of cell-free
DNA molecules also includes at least one of N genomic
sites, where the genomic sites are used to measure the
methylation levels. N 1s an integer, e.g., greater than or equal
to 2, 3,4, 5,10, 20, 50, 100, 200, 500, 1,000, 2,000, or 5,000.
Thus, a read of a cell-free DNA molecule can indicate
coverage of 1 site, 2 sites, efc.

At block 1350, N first mixture methylation levels are
measured at the N genomic sites (e.g., CpG sites) using the
first set of the plurality of cell-free DNA molecules. One first
mixture methylation level can be measured for each of the
N genomic sites. Block 1350 can be performed 1n a similar
manner as block 150 of method 100 of FIG. 1. In some
embodiments, the measurement of the methylation level of
a DNA molecule can use methylation-aware sequencing
results, which may also be used to determine the location
and respective allele of the DNA molecule. One skilled 1n
the art will be aware of the various techniques that can be
used to determine a methylation status of a site on a DNA
molecule.

At block 1360, a first fractional contribution of the fetal
tissue type i the mixture 1s determined using the N first
methylation levels. In some embodiments, block 1360 can
be performed via blocks 160 and 170 of method 100 of FIG.
1. Thus, a fractional contribution can be determined simul-
taneously for a panel of M tissue types. Block 1360 may use
N 1ssue-specific methylation levels at N genomic sites,
determined for each of M tissue types, e.g., as in block 120
of method 100 of FIG. 1.

At block 1370, a second set of the plurality of cell-free
DNA molecules 1s identified. Each of the plurality of cell-
free DNA molecules 1s located at any one of the heterozy-
gous loci from block 1330 and includes a corresponding
second allele, so that the cell-free DNA molecule can be
identified as corresponding to the second haplotype. Each of
the second set of cell-free DNA molecules also includes at
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least one of the N genomic sites, where the genomic sites are
used to measure the methylation levels.

At block 1380, N second mixture methylation levels at the
N genomic sites are measured using the second set of the
plurality of cell-free DNA molecules. Block 1380 may be
performed 1n a similar manner as block 1350.

At block 1385, a second fractional contribution of the
fetal tissue type 1n the mixture 1s determined using the N
second methylation levels. Block 13835 may be performed 1n
a similar manner as block 1360.

At block 1390, a first separation value 1s computed
between the first fractional contribution and the second
fractional contribution. Examples of separation values are
described herein, e.g., including a difference or a ratio.

At block 13935, the portion of fetal genome 1s determined
at the one or more heterozygous loc1 based on the first
separation value. Thus, an inherited haplotype of the first
parent can be determined. For example, the first separation
value can be a ratio of the first fractional contribution and the
second fractional contribution. The portion of the {fetal
genome can be determined to have one or more copies of the
first haplotype and no copies of the second haplotype when
the ratio 1s greater than a threshold value. Examples of
threshold values include but not limited to 1.3, 1.4, 1.5, 1.6,
1.8, 2.0, 2.2, 24, 2.6, 2.8 and 3.0. Theportlon of the fetal
genome can be determmed to have one or more copies of the
second haplotype and no copies of the first haplotype when
the ratio 1s less than a threshold value. Examples of thresh-
old values include but not limited to 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7 and 0.8. The portion of the fetal genome can be
determined to have the first haplotype and the second
haplotype when the ratio i1s equal to one within a cutoil
value. Examples of cutoil values include but not limited to
0.85, 0.9, 0.95, 1.0, 1.05, 1.1 and 1.15. Both haplotypes
might be inherited when both parents have a same haplotype
in the region being analyzed.

As another example, the first separation value 1s a differ-
ence of the first fractional contribution and the second
fractional contribution. The portion of the fetal genome can
be determined to have one or more copies of the first
haplotype and no copies of the second haplotype when the
difference 1s greater than a threshold value. Examples of

threshold values include but not limited to 1%, 1.5%, 2%,
2.5%, 3%, 4%, 5%, 6%, 7%, 8%, 10%, 12%, 14%, 16%,
18% and 20%. The portion of the fetal genome can be
determined to have one or more copies of the second
haplotype and no copies of the first haplotype when the
difference 1s less than a threshold value, e.g., where the
threshold value 1s a negative number.

The inherited haplotype of the other parent can also be
determined. For example, a second plurality of heterozygous
loci1 of the first chromosomal region can be 1dentified in the
genome of the other parent. Fractional contributions can be
determined for each of the other parent’s haplotypes, and a
separation value can be used to determine the inherted
haplotype of the other parent.

For example, the first plurality of heterozygous loci and
the second plurality of heterozygous loci can be the same
loci1 or be different. Each of the second plurality of heterozy-
gous loci can include a corresponding third allele 1n a first
haplotype of the other parent (e.g., a first paternal haplotype)
and a corresponding fourth allele 1n a second haplotype of
the other parent (e.g., a second paternal haplotype). The third
and fourth alleles can be the same as the first and second
alleles. In addition to the first and second set of cell-free
DNA molecules for the first parent, a third set of the plurality
of cell-free DNA molecules can each be located at any one
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of the second plurality of heterozygous loci, include the
corresponding third allele of the heterozygous locus, and
include at least one of K genomic sites. The K genomic sites
may be the same or different than the N genomic sites used
for the first parent. In a similar manner as with the first
parent, K third mixture methylation levels can be measured
at the K genomic sites using the third set of the second
plurality of cell-free DNA molecules, and a third fractional
contribution of the fetal tissue type 1n the mixture can be
determined using the K third methylation levels. The third
fractional contribution corresponds to the first haplotype of
the other parent (e.g., the first paternal haplotype).

A fourth set of the plurality of cell-free DNA molecules
can each be located at any one of the second plurality of
heterozygous loci, include the corresponding fourth allele of
the heterozygous locus, and include at least one of the K
genomic sites. Thus, the fourth set of DNA can be used to
test the second haplotype of the other parent. K fourth
mixture methylation levels at the K genomic sites can be
measured using the fourth set of the second plurality of
cell-free DNA molecules, and a fourth fractional contribu-
tion of the fetal tissue type 1n the mixture can be determined
using the K fourth methylation levels. A second separation
value can be computed between the third fractional contri-
bution and the fourth fractional contribution, and the portion
of fetal genome at the second plurality of heterozygous loci
can be determined based on the second separation value. The
inherited haplotype from the other parent can be determined
in a similar manner as for the first parent. The fourth
fractional contribution corresponds to the second haplotype
of the other parent (e.g., the second paternal haplotype).

In some embodiments, the second fractional contribution
does not need to be determined. Instead, a haplotype can be
determined to be inherited 11 the corresponding fractional
contribution 1s sufliciently high. For example, the first
fractional contribution can be compared to a reference value
to determine whether the fetus inherited the first haplotype
at the first chromosomal region. The fetus can be determined
to have inherited the first haplotype at the first chromosomal
region when the first fractional contribution exceeds the
reference value.

In other embodiments, the reference value may be deter-
mined from the second fractional contribution. For example,
the reference value can be a sum of the second fractional
contribution and a threshold value. The sum with the thresh-
old value can ensure that the first fractional contribution is
sufliciently greater than the second fractional contribution.

A separate determination of inheritance can be made for
the second haplotype by comparing the second fractional
contribution to the reference value to determine whether the
tetus inherited the second haplotype at the first chromosomal
region. The fetus can be determined to have inherited the
second haplotype at the first chromosomal region when the
second fractional contribution exceeds the reference value.
It both the fractional contributions are determined to exceed
the reference value, the two fractional contributions can be
compared to each other to determine 11 one 1s significantly
greater than the other (e.g., using a threshold). The 1
types of the other parent can be determined to identify
whether one of these haplotypes 1s the same as the haplo-
types of the first parent, thereby explaining that both hap-
lotypes of the first parent could have been inherited.

C. Determination of Inherited Haplotype Using Methyl-
ation Levels

Other embodiments can use the general hypomethylation
of cell-free fetal DNA to 1dentily the inherited haplotype as
the one with the lower overall methylation level. Embodi-
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ments can start with deduced maternal or paternal haplo-
types, and then measure the methylation levels of plasma
DNA molecules containing SNP alleles 1n each of those
deduced haplotypes. In one implementation of analyzing the
maternal haplotypes, the methylation levels of the two
deduced maternal haplotypes can be compared, and the one
with the lower methylation level would be predicted to be
the haplotype inherited by the fetus. In another implemen-
tation of analyzing the paternal haplotypes, the methylation
levels of the two deduced paternal haplotypes can be com-
pared, and the one with the lower methylation level would
be predicted to be the haplotype inherited by the fetus.

1. Example

As an example, a methylation level of each of the two
maternal haplotypes can be determined. As the placental
tissue 1s relatively hypomethylated compared with other
tissues, 1t 1s expected that the maternal haplotype inherited
by the fetus would be more hypomethylated than the one that
1s not inherited by the fetus. The methylation densities were
tested 1n the maternal plasma using the actual haplotypes of
the mother, which were deduced using the maternal, pater-
nal, and fetal genotypes.

TABLE 9

Methvlation densities for actual Hap I and Hap II.

Hap I Hap II

Overall methylation densities 65% 87%

Table 9 shows methylated densities of the two maternal
haplotypes 1n the maternal plasma. As Hap I was the actual
haplotype inherited by the fetus by genotyping, the results of
the methylation analysis of the haplotype correctly identified
the 1nheritance.

In other embodiments, the maternal haplotypes can be
deduced based on the genotypes of the mother alone, or
reference haplotypes of the population from haplotype data-
base can also be used for this analysis. The maternal
haplotypes used in this example were phased using the
IMPUTE?2 program. Thus, deduced maternal haplotypes can
also be used 1n this analysis.

TABLE 10

Methvlation densities for deduced Hap I and Hap II.

Hap I Hap II

Overall methylation densities 68% 76%

Table 10 shows methylated densities of the two deduced
maternal haplotypes 1n the maternal plasma. The deduced
maternal haplotype that was 1nherited by the fetus had lower
methylation densities. An example of a statistical procedure
that one can use to determine whether one haplotype has a
suiliciently lower methylation density includes the chi-
square test. A separation between the two methylation levels
can be required to be sufliciently large (e.g., greater than a
threshold) to make the determination. If the separation 1s not
suflicient, then an indeterminate classification can be made.
In some embodiments, a determination of an inheritance of
both haplotypes can be determined 1f the separation 1s not
sulliciently large and 11 both methylation levels are below a
threshold level, which may be characterized by inclusion of
tetal DNA. For example, tables 9 and 10 indicate that a
methylation density below 70% may indicate that the fetus
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has inherited that haplotype. Both haplotypes may be inher-
ited when the parents share a haplotype for the region being
analyzed.

In another embodiment, the overall methylation densities
of the maternal plasma DNA carrying the paternal Hap III
and Hap IV can be compared. Similar to the maternal
haplotype analysis, the fetus would be deduced as having
inherited the paternal haplotype that has lower overall
methylation densities.

2. Method Using Methylation Levels

FIG. 14 1s a flowchart illustrating a method 1400 of
determining a portion of a fetal genome from a maternal
sample using methylation levels according to embodiments
of the present invention. The biological sample includes a
mixture of cell-free DNA molecules from a plurality of
tissues types, including maternal tissue types and a fetal
tissue type. The fetus has a father and a mother being the
pregnant female. The portion of the fetal genome can be an
entire chromosome copy or just part of the chromosome
copy. The determined portions of the fetal genome can be
combined to provide the entire fetal genome, as with other
methods described herein.

At block 1410, a plurality of cell-free DNA molecules
from the biological sample are analyzed. Block 1410 can be
performed 1 a similar manner as block 1310 of method
1300 of FIG. 13.

At block 1420, a first haplotype and a second haplotype
of a first chromosomal region are determined of a first
parental genome of a first parent of the fetus. Block 1420 can
be performed 1n a similar manner as block 1320 of FIG. 13.
In some embodiments, genotypes of the first parent’s
genome can be determined at the plurality of heterozygous
loc1 using a sample from the first parent, e.g., a blood sample
or other tissue that may or may not include fetal DNA. A
plurality of reference haplotypes can be obtained, e.g., from
databases of reference genomes. The first haplotype and the
second haplotype can be deduced using the genotypes and
the plurality of reference haplotypes. For example, the
alleles of each genotype can be compared against the
reference haplotypes, and any haplotypes that do not include
the alleles at the corresponding locus can be discarded. Once
two reference haplotypes remain, those haplotypes can be
identified as being the first haplotype and the second hap-
lotype.

At block 1430, a plurality of heterozygous loci 1s 1denti-
fied from the first and second haplotypes. Each heterozygous
locus has a first allele in the first haplotype and a second
allele in the second haplotype.

At block 1440, a first set of the plurality of cell-free DNA
molecules 1s 1identified. Block 1440 can be performed in a
similar manner as block 1340 of FIG. 13.

At block 1450, a first mixture methylation level 1s mea-
sured using the first set of the plurality of cell-free DNA
molecules. For example, the first mixture methylation level
may be a methylation density for the cell-free DNA mol-
ecules of the first set. The methylation density can be
computed as a total methylation density for all of the
cell-free DNA molecules of the first set. In another example,
separate methylation densities can be computed for each
locus, and the separate methylation densities can be com-
bined to obtain the first mixture methylation level, e.g., an
average of the separate methylation densities.

At block 1460, a second set of the plurality of cell-free
DNA molecules 1s 1dentified. 1460 can be performed 1n a
similar manner as block 1370 of FIG. 13.

At block 1470, a second mixture methylation level 1is
measured using the second set of the plurality of cell-free
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DNA molecules. For example, the second mixture methyl-
ation level may be a methylation density for the cell-free
DNA molecules of the second set.

At block 1480, it 1s determined which of the first haplo-
type and the second haplotype 1s inherited by the fetus based
on which of the first mixture methylation level and the
second mixture methylation level 1s lower. As part of block
1480, a separation value can be determined between the first
mixture methylation level and the second mixture methyl-
ation level, and compared to a threshold value. The threshold
value can ensure that the lower level 1s sufliciently lower.
The threshold value can be determined using the chi-square
test. For example, measurements can be taken of samples
where the inherited haplotype 1s known, and a distribution of
the separation values can be determined, and a threshold
value can be selected that accurately determines the iher-
ited haplotype in the tramming data obtammed from the
samples. Methods 1300 and 1400 can also be combined,
with each being performed as a check, and the inherited

haplotype determined 1f both methods are consistent with
cach other.

D. Selection of Loci

Various embodiments can be used for the comparison of
the methylation levels or the fraction contributions of the
two deduced maternal haplotypes 1n the maternal plasma. In
one embodiment, the number of SNP loci to be analyzed can
be determined betfore the analysis. For example, the number
of SNP loc1 used 1n the haplotype deconvolution analysis
can be determined according to a number of factors, for
example, but not limited to the desired statistical power, the
mean difference in methylation levels 1 the placenta and
blood cells 1n the region of interest, and the number of
molecules being analyzed for each SNP.

The size of the region of interest can be fixed, and all
SNPs within the region of interest can be used in the
analysis. The size of the region of interest can be determined
taking 1nto account a number of factors, for example, but not
limited to the desired statistical power, the mean difference
in methylation level in the placenta and blood cells 1n the
region of interest, the number of molecules being analyzed
for each SNP, and the chance of meiotic recombination with
the region of interest.

In other embodiments, the number of SNPs and the size
of the region to be analyzed are not determined before the
analysis. For example, the number of SNPs can be sequen-
tially increased until the data are suflicient to arrive at a
statistically significant conclusion concerning which mater-
nal haplotype 1s statistically significantly less methylated
than the other one. For instance, the SNPs on the region of
interest can be arranged 1n an ascending order of their
genomic coordinates. Then statistical testing can be carried
out with the data of the SNP with the lowest number of
genomic coordinate. If this 1s sutlicient to make a conclusion
regarding which haplotype 1s less methylated statistically,
then a conclusion 1s made. Similarly, the SNPs can be
arranged 1 a descending order, with a highest number of
genomic coordinate that 1s suflicient being used.

If the statistical accuracy 1s not suilicient, another statis-
tical comparison can be performed starting from the next
SNP with a higher number of genomic coordinates. On the
other hand, 1f the data of the first SNP are not suthicient for
one to conclude that one haplotype 1s less methylated than
the other one (or that the separation value between fractional
contributions 1s not sufliciently large), the data of another
SNP can be added and another round of statistical testing 1s
carried out. This procedure can be continued until the
accumulated data are suflicient to make a statistically sig-
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nificant conclusion. A number of statistical tests can be
performed to compare the methylation levels of the two
haplotypes, for example, but not limited to Student’s t-test,
Mann-Whitney rank-sum test and Chi-square test. The level
ol statistical significance can be determined based on the
desired confidence of the conclusion, for example, but not

limited to adopting a P-value of 0.05, 0.01, 0.001, 0.0001, or
0.00001.
E. Combinations with RHDO

In some embodiments, results generated by the RHDO
analysis of U.S. Pat. No. 8,467,976 can be combined with

present methylation embodiments to arrive at a more accu-
rate procedure for diagnosis or to reduce an amount of
sequencing required. For example, fetal haplotypes can be

determined using present embodiments and using results of
the RHDO analysis of U.S. Pat. No. 8,467,976, and the
determined fetal haplotypes from both of the techniques can
be compared. For example, the results from the two analyses
would be accepted only 1t they are concordant. Further
analysis can be performed 11 the two analyses show difierent
conclusions, e.g., measurements can be repeated at higher
depth of coverage on the genome.

For such a combined approach to be most cost-eflective,
it 1s preferred to have one type of sequencing that can yield
data for both methods. In one embodiment, this can be done
by a single molecule method that would generate sequencing
as well as methylation information, e.g. using the Single
Molecule Real Time sequencing technology from Pacific
Biosciences, or nanopore sequencing (e.g. from Oxiord
Nanopore Technologies). These are two examples of meth-
ylation-aware sequencing. In another embodiment, the
RHDO analysis can be performed on bisulfite sequencing
results. For such an embodiment, any maternal and paternal
genetic information can be determined also using bisulfite
sequencing. Bisulfite sequencing is thus another example of
methylation-aware sequencing. Furthermore, other methyl-
ation aware sequencing technologies can be used, such as
oxidative bisulfite sequencing (Booth et al. Science 2012;
336: 934-9377) or Tet-assisted bisulfite sequencing (Yu et al.
Cell 2012; 149: 1368-1380). The latter examples would
allow one to analyze the 5-methylcytosine distribution of the
analyzed DNA molecules.

F. Uses of Knowledge of Fetal Genome

The noninvasive prenatal analysis of the fetal genome can
be used to determine 1f a fetus has inherited a disease from
the parents. This 1s particularly useful for the detection of

monogenic diseases, for example congenital adrenal hyper-
plasia (New et al. J Clin Endocrinol Metab 2014; 99:E1022-

30), beta-thalassemia (Lam et al. Clin Chem. 2012; 58:1467-
75) and hereditary muscular dystrophies (Genet Med 2013;
17:889-96). If a monogenic disease 1s detected, various
treatments can be performed, e.g., the pregnancy can be
terminated, treatment provided before pregnancy, or after
birth. For example, steroid treatment can be given prenatally
to a pregnant woman confirmed of having a fetus aflected by
congenital adrenal hyperplasia to avoid abnormal sexual
development.
V1. Haplotype Deconvolution Analysis for Anecuploidy
Detection

The haplotype deconvolution can also be used to detect a
sequence 1mbalance of a chromosomal region of a fetus,
such as aneuploidies, microdeletions, or microamplifications
(e.g., microduplications). For example, a fractional contri-
bution of a haplotype 1n one region can be compared to a
fractional contribution of another haplotype i1n another
region.
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A. Mother

FIG. 15 shows a chromosomal aneuploidy detection
based on haplotype deconvolution for maternal haplotypes
according to embodiments of the present invention. In this
illustration, the mother has two maternal haplotypes, namely
Hap I and Hap II. For 1llustration purposes, we assume that
80% of her plasma DNA was derived from her own cells and
20% was derived from the placenta, which are example
percentages in commonly measured ranges. This method
can be generally applied for pregnancies with different fetal
DNA percentages. Knowledge of the fetal DNA percentage
1s not required, but i1s simply provided for illustration,
although a measurement of the fetal DNA percentage may
be performed in various ways, e€.g2., using fetal-specific
alleles or fetal-specific methylation markers.

The fetus has mherited Hap I and another haplotype from
the father, namely Hap III. The placentally-derived DNA
would exhibit the fetal genotypes, and a sequence imbalance
can be detected by analyzing the fractional contribution
resulting from the placentally-derived DNA.

As 1llustrated above, the fetal inheritance of the maternal
haplotype can be determined through the deconvolution of
the two maternal haplotypes. Analysis for the placental
contribution to the maternal DNA can be performed for each
of the two maternal haplotypes. The maternal haplotype
inherited by the fetus (Hap I in this example) would have a
much higher placental contribution compared with the
maternal haplotype that 1s not inherited by the fetus (Hap II).
The placental contribution for Hap I would be positively
correlated with the fetal DNA {fraction in the maternal
plasma.

After determining which maternal haplotype has been

inherited by the fetus, the dosage of the chromosome the
fetus has inherited from the mother can be further deter-
mined through maternal haplotype deconvolution. In this
illustration, two chromosomal regions are analyzed using
maternal haplotype deconvolution. In one embodiment, the
reference chromosome (RefChr) 1s a chromosome or a
chromosomal region which i1s unlikely to be aflected by a
chromosomal aneuploidy. The reference chromosomal
region 1s shown on the left side of FIG. 15. The target
chromosome (TargetChr) 1s a chromosome or a chromo-
somal region which 1s potentially atfected by a chromosomal
aneuploidy. The target chromosomal region 1s shown on the
right side of FIG. 15. The two regions can be for diflerent
regions ol a same chromosome or for regions ol two
different chromosomes.
In the example shown, the fetus has been deduced to have
inherited Hap 1 from the mother for both the reference
chromosome and target chromosome through the methyl-
ation deconvolution of the Hap I and the Hap II at each
region. Then, the placental contribution to maternal plasma
DNA for Hap I can be compared between the reference
chromosome and the target chromosome. If the placental
contribution of Hap I for the target chromosomal region 1s
significantly different than the placental contribution of Hap
I for the reference chromosomal region (e.g., higher for
amplification or lower for deletion), then a sequence 1imbal-
ance can be 1dentified.

For illustration purpose, we use the detection of trisomy
as an example. However, other types of chromosome aneu-
ploidies, including monosomy, amplification of a subchro-
mosomal region or deletion of a subchromosomal region can
also be detected using this method. For trisomy, the extra
copy of the aflected chromosome can be mherited from the
tather (denoted as Trisomy (F)) or the mother (denoted as
Trisomy (M)). In over 90% of trisomy 21 cases, the extra
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copy of chromosome 21 1s derived from the mother (Driscoll
et al. N Engl J Med 2009; 360: 2556-2562). In the scenario
of Trisomy (M), the placental contribution of Hap I for the
target chromosome would be higher than that for the refer-
ence chromosome. In FIG. 15, Trisomy (M) 1s shown with
two 1nstances of Hap I, which would provide a higher
placental contribution for the target region than the one
instance of Hap I for the reference region.

Whether the placental contribution of Hap I for the target
chromosome 1s higher than that for the reference chromo-
some can be determined by comparing a separation value
between the two placental contributions and a threshold,
which may be based on a separate measurement of the fetal
DNA percentage. A higher fetal DNA percentage would
result 1n a higher expected separation value between the two
placental contributions, and thus the threshold can be set
higher. For example, with the fetal DNA percentage being
20%, the placental contribution of Hap I for the reference
region would be about 20% and the placental contribution of
Hap I for the target region would be about 36.4%.

For instance, assume that 10 DNA molecules exist at the
reference chromosome, then two of them are fetal and eight
of them are maternal. For the two fetal DNA molecules, one
1s derived from Hap I and one 1s derived from Hap III. For
the eight maternal DNA molecules, four are Hap I and four
are Hap II. For the target region, there would be an extra
DNA molecule of Hap I from the fetus. Thus there would be
two fetal Hap I DNA molecules and 4 maternal Hap I DNA
molecules total, providing %6=33.3%. The threshold value
for the difference (e.g., 13.3%) can be placed between 0 and
13.3% to provide optimal specificity and sensitivity. A
distribution of separation values can be determined from a
reference group of samples. In the scenario of Euploid, the
placental contributions would be approximately equal, e.g.,
the separation value would be less than the threshold. One
skilled 1n the art will know how to select a suitable threshold
based on the description herein and i U.S. Pat. No. 8,467,
976, and other references cited herein.

In one embodiment, the ratio (or other separation value)
ol placental contribution of Hap I between the target and
reference chromosomes for a group of pregnant women,
cach known to be carrying a euploid fetus can be used as a
reference interval. The ratio in the tested case can be
compared with this reference group to determine 1f a sig-
nificant elevation of placental contribution of Hap 1 1s

present for the target region relative to the reference region.
In the example of 20% fetal DNA, the ratio would be

33.3/20=1.6"7. The ratio can be generalized to 2/(1+1), where
I represents the fetal DNA fraction. In another embodiment,
the diflerence 1n the placental contribution of Hap I between
the target and the reference chromosomes can be deter-
mined. This difference 1s then compared with a reference
group.

B. Father

In another embodiment, haplotype deconvolution of the
paternal haplotypes (Hap III and Hap IV) can be performed
in the maternal plasma. The analysis of the paternal haplo-
types can be performed in a similar manner as for the
maternal haplotypes.

FIG. 16 shows a chromosomal ancuploidy detection
based on haplotype deconvolution for paternal haplotypes
according to embodiments of the present invention. In this
illustration, the father has two paternal haplotypes, namely
Hap III and Hap IV. As in FIG. 15, the fetus has inherited
Hap I from the mother and Hap III from the father.

In the scenario where the extra copy of chromosome 1s
derived from the father (Trisomy (F)), the placental contri-
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bution of Hap III would be higher for the target chromosome
than for the reference chromosome. This 1s shown for the
Trisomy (F) example, where two copies of Hap III are
shown. As described above for the maternal haplotypes, a
separation value between the placental contributions of Hap
I1I for the target and reference regions can be compared to
a threshold to determine whether an extra copy of Hap III
exists for the target region. In various embodiments, a ratio
or difference of the two placental contributions of the tested
case can be compared with a reference group of pregnant
women, each known to be carrying a euploid fetus so as to
determine if the fetus has a chromosomal trisomy for the
target chromosome, or amplification or deletion of a target
chromosomal region. The threshold can be based on the
separation values for the reference group of euploid fetuses,
a reference group ol aneuploidy fetuses, or both. A separate
measure of fetal DNA percentage can also be used, as 1s
described herein.

C. Method of Detecting a Sequence Imbalance

FIG. 17 1s a flowchart of a method 1700 for detecting a
sequence 1mbalance 1n a portion of a fetal genome of an
unborn fetus of a pregnant female using a biological sample
from the pregnant female according to embodiments of the
present mvention.

At block 1710, a plurality of cell-free DNA molecules
from the biological sample are analyzed. Block 1710 can be
performed 1n a similar manner as block 1310 of method
1300 of FIG. 13.

At block 1720, a first target haplotype of a target chro-
mosomal region of a first parental genome of a first parent
of the fetus 1s determined, and a first reference haplotype of
a reference chromosomal region of the first parental genome
1s determined. Block 1720 can be performed in a similar
manner as block 1320 of FIG. 13. The target chromosomal
region and the reference chromosomal region can be an
entire chromosome or just part of a chromosome. Thus, the
target chromosomal region can be a first chromosome and
the reference chromosomal region can be a second chromo-
some different from the first chromosome. The first parent
can be the mother or the father of the fetus.

The target chromosomal region can be selected based on
various criteria. For example, a plurality of target regions
can be selected, as may occur to test many non-overlapping
regions ol a specified size, such as 1 Mb, 5 Mb, 10 Mb, 20
Mb, 350 Mb, etc. As another example, the target chromo-
somal region can be seclected based on a copy number
analysis that identifies the region as having more DNA
molecules than expected, e.g., as described 1n U.S. Patent
Publications 2009/0029377 and 2011/0276277.

In some embodiments, 1t can be determined that the fetus
has inherited the first target haplotype from the first parent
and that the fetus has inherited the first reference haplotype
from the first parent. The determination can include embodi-
ments of FIG. 13 or FIG. 14. For example, determining that
the fetus has inherited the first target haplotype from the first
parent can include determining a second target fractional
contribution of the fetal tissue type 1n the mixture corre-
sponding to the second target haplotype, computing a second
separation value between the first target fractional contribu-
tion and the second target fractional contribution, and deter-
mimng that the fetus has inherited the first target haplotype
from the first parent based on the second separation value.

At block 1730, a plurality of target heterozygous loci are
identified of the target chromosomal region of the first
parental genome. Each target heterozygous locus includes a
corresponding first target allele 1n the first target haplotype
and a corresponding second target allele 1n a second target
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haplotype of the first chromosomal region of the first paren-
tal genome. Referring back to the example of FIG. 15, the
target heterozygous loci have corresponding {first target
alleles of {G,T,A} on Hap I and have corresponding second
target alleles of {A,G,C} on Hap II.

At block 1740, a target set of the plurality of cell-free
DNA molecules 1s identified. Each cell-free DNA molecule
of the target set 1s located at any one of the target heterozy-
gous loci, mncludes a corresponding first target allele, and
includes at least one of N genomic sites in the target
chromosomal region. Block 1740 can be performed 1n a
similar manner as described herein. For example, sequence
reads can be mapped to a reference genome, where the target
set of plurality of cell-free DNA molecules aligns to any one
of the target heterozygous loci.

At block 1750, N first mixture methylation levels are
measured at the N genomic sites using the target set of the
plurality of cell-free DNA molecules. Block 1750 can be
performed 1n a similar manner as block 1350 of FIG. 13.

At block 1760, a first fractional contribution of the fetal
tissue type i the mixture 1s determined using the N first
methylation levels. Block 1760 can be performed in a
similar manner as block 1360 of FIG. 13.

At block 1770, a plurality of reference heterozygous loci
are 1dentified for the reference chromosomal region of the
first parental genome. Each reference heterozygous locus
includes a corresponding first reference allele 1n the first
reference haplotype and a corresponding second reference
allele mn a second reference haplotype of the reference
chromosomal region of the first parental genome. Referring
back to the example of FIG. 15, the reference heterozygous
loci have corresponding first target alleles of {A,T,C} on
Hap I and have corresponding second target alleles of
{T,C,A} on Hap II.

At block 1775, a reference set of the plurality of cell-free
DNA molecules 1s identified. Each cell-free DNA molecule
of the reference set 1s located at any one of the reference
heterozygous loci, includes a corresponding first reference
allele, and includes at least one of K genomic sites in the
reference chromosomal region.

At block 1780, K reference mixture methylation levels are
measured at the K genomic sites using the reference set of
the plurality of cell-free DNA molecules.

At block 1785, a first reference fractional contribution of
the fetal tissue type 1s determined 1n the mixture using the K
reference methylation levels.

At block 1790, a first separation value 1s computed
between the first target fractional contribution and the first
reference fractional contribution.

At block 1795, the first separation value 1s compared to a
threshold value to determine a classification of whether the
fetus has a sequence 1mbalance for the target chromosomal
region. If the first separation value exceeds the threshold
value then a sequence imbalance can be identified. The
threshold value can be determined as described above, e.g.,
based on separation values seen i1n a reference group of
samples not having a sequence imbalance and/or a reference
group ol samples having the sequence imbalance. As
examples, the classification can be positive, negative, or
indeterminate for the sequence imbalance being tested.

Different threshold values can be used, depending on the
type ol sequence imbalance. For example, if the sequence
imbalance 1s a deletion, then the first separation value would
be expected to be a negative value. In such a case, the
threshold value can be a negative number, and the compari-
son can determine that the first threshold value exceeds the
threshold value by being a larger negative number. If the
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sequence 1mbalance being tested 1s an amplification, then it
can be tested whether the separation value 1s greater than the
threshold wvalue. Thus, the threshold wvalue used can be
dependent on the type of sequence imbalance being tested.
VII. Deconvolution of Signatures to Identify Diseased Tis-
sue

If a genomic signature (e.g., a particular SNP allele) 1s
known, embodiments can determine which tissue 1s the
origin ol such signatures. As the cell-free DNA molecules
exhibiting the signatures are from the tissue of origin, the
tissue of origin can be identified from the fractional contri-
butions determined using cell-free DNA molecules exhibit-
ing the signatures. Thus, cell-free DNA molecules with a
signature of a transplanted organ (e.g., a signature of a
haplotype of the transplanted organ) can be used to monitor
changes 1n amounts of cell-free DNA molecules from the
transplanted organ with high sensitivity, e.g., given that a
high fractional contribution of the DNA 1in the mixture
would be from the transplanted organ. Examples are pro-
vided for transplants to show that the technique 1s accurate.
In another example, a signature of a tumor can be used to
identify tissues within which the tumor resides.

A. Organ Transplantation

As an example for organ transplantation, we analyzed the
plasma of a patient who had received liver transplantation
and a patient who had received bone marrow transplanta-
tion. For each case, the donor-specific SNP alleles were
identified through the genotyping of the tissues from the
patients and the donors. For the liver transplant recipient, a
biopsy of the donor liver and the blood cells of the recipient
were sequenced. For the bone marrow transplant case, the
buccal swab (recipient genotype) and the blood cells (donor
genotype) were sequenced. The plasma DNA samples were
sequenced after bisulfite conversion. Sequenced DNA frag-
ments carrying a donor-specific SNP allele and at least one
CpG site were used for downstream methylation deconvo-
lution analysis. A total of 72 million and 121 million reads
were sequenced for the patients who had recerved liver and
bone marrow transplantation, respectively. For the two
cases, 38 and 3355 fragments were used for deconvolution
analysis, respectively.

TABLE 6

Fractional contributions for different organs to plasma DNA fragments
carrving donor-specific alleles in the two transplant recipients.

Bone
Liver MAarrow
transplant transplant

Tissue type recipient reciplent
Liver 454 4.4
Lung 0.0 1.5
Colon 29.3 6.3
Small 0.0 1.8
intestines
Pancreas 0.0 0.0
Adrenal 0.0 0.0
glands
Esophagus 0.0 0.0
Adipose 0.0 14.8
tissues
Heart 0.0 0.0
Brain 14.5 9.6
T-cells 0.0 12.3
B-cells 5.9 16.6
Neutrophils 4.9 32.8

Table 6 shows methylation deconvolution analysis on
plasma DNA fragments carrying donor-specific alleles 1n a
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liver transplant recipient and a bone marrow transplant
recipient. The numbers represent the percentage contribu-
tion of different tissues to the donor-specific plasma DNA
fragments. For the liver transplant case, the liver was shown
to be the most important contributor to these DNA frag-
ments. For the bone marrow transplant case, the hematopoi-
ctic system (including the T-cells, B-cells and neutrophils)
was the major contribution of the donor-specific DNA
fragments. These results indicate that methylation deconvo-
lution can accurately indicate the tissue origin of DNA
fragments having single nucleotide alterations. A small
amount of sequenced fragments were attributed to other
tissues probably because ol measurement imprecision as
relatively small number of donor-specific fragments were
used for the deconvolution analysis.

The fractional contributions for tissue associated with the
transplanted organ can be determined in the above manner
and monitored. With the baseline fractional contribution (an
example ol a reference fractional contribution) relatively
high as a result of using only cell-free DNA molecules
exhibiting the donor signature, small changes in total
amount of donor DNA 1n plasma can be detected. Accord-
ingly, methylation deconvolution analysis can be applied for
the monitoring of organ transplantation.

As can be seen above for the liver transplant, methylation
deconvolution 1s not absolutely specific. In this analysis,
plasma DNA fragments carrying the donor-specific alleles
were used for methylation deconvolution analysis. These
fragments are specific for the donor and should be derived
only from the liver in this liver transplant recipient. There-
fore, the theoretical contribution of the liver should be
100%. Another possibility 1s that certain cell types are
present 1n different types of tissues making the liver meth-
ylation profile overlapping with other tissues. For example,
the connective tissue cells 1n the liver may also be present in
other organs. But, relative percentages from other patients or
other samples (e.g., at other times) of the 1nstant patient can
identily whether more cell-free DNA molecules are being
released.

In various embodiments, the donor signature can corre-
spond to a particular haplotype of the donor genome or both
haplotypes in a chromosomal region. Methylation deconvo-
lution can be performed using cell-free DNA molecules
located on the particular donor haplotypes, and increases 1n
the fractional contribution of the particular haplotype can be
monitored. IT a significant increase occurs (€.g., as measured
by a percentage or absolute threshold), then a rejection of the
transplanted organ can be identified.

FIG. 18 shows an illustration of haplotype deconvolution
for organ transplant monitoring according to embodiments
of the present imnvention. The donor has haplotypes labeled
Hap I and Hap II, and the recipient has haplotypes labeled
Hap III and Hap IV. The donor has a signature at locus 1 and
locus 3, as the alleles are not found on the recipient
haplotypes. Locus 2 and locus 4 do not have a donor
signature. Thus, embodiments may use DNA molecules that
are located at locus 1 and locus 3 as part of a deconvolution
process.

The plasma DNA deconvolution can be used to determine
whether the determined fractional contribution from the
transplanted organ 1s at a baseline or increased relative to the
baseline. In some embodiments, the fractional contributions
can be determined for each of Hap I and Hap II separately,
if different signatures exist; such different signatures can
exist at different loci. In other embodiments, a single frac-
tional contribution can be determined for both haplotypes,
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¢.g., when they share a signature. In the example shown 1n
FIG. 18, Hap I and Hap 1I do share a signature at locus 1 and
locus 3.

Accordingly, the contribution of the transplanted organ
can be determined using haplotype deconvolution. The
increase 1n the contribution of the haplotype to the trans-
planted organ would be useful to indicate the increased
contribution of the organ to the plasma DNA. In various
embodiments, the baseline level can be determined from a
cohort of transplant recipients not having rejection or from
a cohort of transplant recipients having rejection. When
using recipients having rejection, the baseline level can be
determined as below those from a cohort of transplant
recipients having rejection.

As mentioned above, the donor may have two 1dentical
haplotypes or the recipient can also have two 1dentical
haplotypes. Furthermore, the donor and recipient may share
a haplotype. As long as the donor or the recipient has a
unique haplotype, a change 1n a percentage of cell-free DNA
molecules from the donor tissue can be determined. In the
former, a rejection will be detected when one sees an
increase 1n the contribution of the donor-umique haplotype 1n
plasma (or other sample). In the latter, a rejection will be
detected when one sees a decrease in the contribution of the
recipient-unique haplotype 1n plasma.

Accordingly, some embodiments can use a first haplotype
that 1s present 1n normal cells of the organism and not being,
present 1 abnormal cells that may be in the mixture. This
would correspond to the latter example above, when the
recipient has a unique haplotype. Another example 1s when
a patient has a unique haplotype i healthy cells compared
to a tumor (e.g., previously found 1n the organism). In this
embodiment, the first tissue type can be determined to have
the disease state when the first separation value 1s less than
the threshold value.

In some embodiments, 1f the transplanted organ 1s
detected as being rejected, treatment can be provided. For
example, a change 1s dosage of anti-rejection medication can
be provided. As another example, a new organ can be
obtained, and surgery can be performed to remove the old
transplanted organ and put in the new transplanted organ.

B. Hepatocellular Carcinoma (HCC)

As an example for determining a tissue of origin for a
cancer signature or aberration (or monitoring for a tumor
that was known to exist or have existed), we analyzed the
plasma of an HCC patient. The tumor and the blood cells of
the patients were sequenced to 1dentily the cancer-specific
single nucleotide mutations. Sequenced DNA fragments
carrying a cancer-specific mutation and at least one CpG site
were used for downstream methylation deconvolution
analysis. A total of 11,968 fragments were used for decon-
volution analysis. In addition to the methylation profiles
from the normal tissue organs, we have also included the
methylation profile of HCC tissues as candidate tissue of
Or1gin.

In another embodiment, more types of tumor tissues can
be considered as candidate tissues for the mutations. In one
embodiment, the methylation profiles of the common can-
cers, for example but not limited to colorectal cancer, lung
cancer, breast cancer, pancreatic cancer, prostate cancer,
bladder cancer, cervical cancer and ovarian cancer can be
included as candidate tissues. In yet another embodiment,
only the most possible cancers specific to the patient can be
included 1n the analysis. For example, 1n female patients, the
breast cancer, ovarian cancer, colorectal cancer and cervical
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cancer are considered. In yet another embodiment, the ethnic
origin and the age are considered in the selection of the
candidate tissues.

Table 7 shows methylation deconvolution of the plasma
DNA fragments carrying cancer-associated mutations. The
deconvolution analysis accurately determined that the DNA
fragments carrying cancer-associated mutations are pre-
dominantly derived from the liver cancer tissues.

TABLE 7

Fractional contributions for HCC patient using cancer mutation.

Tissue Contribution (%)
Liver 0.0
Lung 0.0
Colon 0.0
Small intestines 0.0
Pancreas 0.0
Adrenal glands 0.0
Esophagus 0.0
Adipose tissues 0.0
Heart 0.0
Brain 0.0
T-cells 0.0
B-cells 0.0
Neutrophil 4.6
Liver cancer 95.4
Placenta 0.0

In some embodiments, the tumor can itially be 1denti-
fied by detecting a copy number aberration, e.g., as
described 1n U.S. Pat. Nos. 8,741,811 and 9,121,069. The

particular tissue of origin can be determined, e.g., as

described 1n U.S. patent application Ser. No. 14/994,053

based on patterns of copy number aberrations previously
identified 1n various tumors. Once the tumor has been
identified, treatment can be performed, e.g., by surgery,
radiotherapy, or chemotherapy. Either way, a biopsy can be
obtained after the tissue of origin 1s determined. A cancer-
specific point mutation can be determined from the biopsy or
from DNA fragments in plasma (e.g., as described i U.S.
patent Publication 2014/0100121, or other mixtures that are
associated with the copy number aberration.

After treatment, a key change would be the disappearance
of the genomic aberrations, including the copy number
aberration and point mutation. When these aberrations are
gone, the analysis of the genomic signature of the point
mutation in the affected regions would give a change 1n the
tissue contribution via the methylation deconvolution analy-
sis. If the tumor comes back in the future, the cancer-
associated changes in tissue composition (as determined
using methylation deconvolution analysis) would be seen
again. For example, the fractional contribution can be com-
pared to a reference fractional contribution, and 1f a change
1s detected, then new courses of treatment can be provided.

In various embodiments, the cancer-specific mutation can
be on only one haplotype or on both haplotypes, e.g., 1n a
manner similar to the donor example above. Thus, as with
the donor, the fractional contributions can be determined for
cach of Hap I and Hap II separately, if diflerent signatures
exist; such different signatures can exist at different loci. In
other embodiments, a single fractional contribution can be
determined for both haplotypes, e¢.g., when they share a
signature.

C. Imprinting,

In another embodiment, the haplotype deconvolution
analysis can be applied for the analysis of the genomic
regions showing tissue-specific imprinting. It has been
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shown that the differential methylation of the paternally and
maternally inhenited alleles in different tissue organs 1s a
common phenomenon (Baran et al. Genome Res 2013;
25:927-36). Haplotype deconvolution would be usetul for
the monitoring of the contribution of the organ exhibiting
tissue-specific imprinting. For example, when the paternally
and maternally 1nherited haplotypes have different methyl-
ation status in the liver but not 1n other tissues, methylation
deconvolution can be performed on both the paternally and
maternally inherited haplotypes. In one embodiment, both
the paternal and maternal methylation patterns can be
included as candidate tissues in the analysis.

D. Method Using Genomic Signature

FIG. 19 1s a flowchart illustrating a method 1900 of
analyzing a biological sample of an organism to detect
whether a first tissue type has a disease state associated with
a first haplotype according to embodiments of the present
invention. The biological sample includes a mixture of
cell-free DNA molecules from a plurality of tissues types,
including a first tissue type. Method 1900 i1s performed at
least partially using a computer system.

At block 1910, a plurality of cell-free DNA molecules
from the biological sample are analyzed. Block 1910 can be
performed using techmiques described i block 140 of
method 100 of FIG. 1. For example, at least 1,000 cell-free
DNA molecules can be analyzed to determine where the
cell-free DNA molecules are located, and methylation levels
can be measured as described below. Further, the cell-iree
DNA molecules are analyzed to determine a respective allele
of the cell-free DNA molecule. For example, an allele of a
DNA molecule can be determined from a sequence read or
from a particular probe that hybridizes to the DNA molecule.

At block 1920, one or more loci are 1dentified. Each locus
has a first allele on a first haplotype of a first chromosomal
region. The first haplotype has a property of either: (1) not
being present in healthy cells of the organism, but instead
may be from a tumor or transplanted tissue, as examples; or
(2) being present 1n normal cells of the organism and not
being present 1n abnormal cells that may be 1n the mixture.
Thus, the first haplotype has a genomic signature. In this
manner, there 1s a difference between the healthy (normal)
cells and the abnormal cells, thereby allowing embodiments
to track a fractional contribution of one or the other, or both,
so as to track an extent (e.g., fractional contribution) of the
abnormal cells. With property (1), the first haplotype 1is
associated with a disease state, e.g., cancer or a rejection of
transplanted tissue. Thus, a particular cancer can have the
first haplotype 1n a cancer genome of the particular cancer.

The one or more first alleles may be 1dentified at the one
or more loci on the first haplotype by obtaining a tissue
sample (e.g., of the tumor or transplanted tissue) and ana-
lyzing DNA molecules of the tissue sample to determine the
first haplotype. Such a tissue sample may be obtained from
a biopsy, and method 1900 can be used to test 1f the cancer
has metastasized to other tissues, or has recurred after
surgery. Each one of the loci may be a heterozygous locus
or a homozygous locus 1n the abnormal cells. For example,
in FIG. 18, locus 1 and locus 3 are homozygous 1n the donor
organ. But, ultimately, more than one allele would be
observed 1n the plasma for all the loci, as each locus would
have a signature for healthy cells or for abnormal cells.
Thus, two haplotypes would exist across the tissue types, but
a single tissue type might have only one haplotype 1n a
region being analyzed.

At block 1930, a first set of the plurality of cell-free DNA
molecules 1s 1dentified. Each of the plurality of cell-free
DNA molecules 1s located at any one of the loc1 from block
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1920 and includes a corresponding first allele at the one
locus, so that the cell-free DNA molecule can be 1dentified
as corresponding to the first haplotype. Each of the first set
of cell-free DNA molecules also includes at least one of N
genomic sites, where the genomic sites are used to measure
the methylation levels. N 1s an integer, e.g., greater than or
equal to 2, 3, 4, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000,
or 5,000.

At block 1940, N first mixture methylation levels are
measured at the N genomic sites using the first set of the
plurality of cell-free DNA molecules. One first mixture
methylation level can be measured for each of the N
genomic sites. Block 1940 can be performed in a similar
manner as block 150 of method 100 of FIG. 1. In some
embodiments, the measurement of the methylation level of
a DNA molecule can use methylation-aware sequencing
results, which may also be used to determine the location
and respective allele of the DNA molecule.

At block 1950, a first fractional contribution of the first
tissue type in the mixture 1s determined using the N first
methylation levels. In some embodiments, block 1950 can
be performed via blocks 160 and 170 of method 100 of FIG.
1. Thus, a fractional contribution can be determined simul-
taneously for a panel of M tissue types. Block 1950 may use
N 1ssue-specific methylation levels at N genomic sites,
determined for each of M tissue types, e.g., as 1n block 120
of method 100 of FIG. 1.

At block 1960, a separation value between the first
fractional contribution and a reference fractional contribu-
tion 1s computed. Examples of separation values are
described herein. The reference fractional contribution can
be determined using samples from organisms that are
healthy for the first tissue type. For a transplant example, the
reference fractional contribution can be determined from
one or more measurements of biological samples of organ-
1sms whose transplanted {first tissue 1s not being rejected.

At block 1970, the separation value can be compared to
a threshold value to determine a classification of whether the
first tissue type has a disease state. For example, 11 the first
haplotype 1s associated with cancer, then an appreciable first
fractional contribution indicates that the first tissue type has
cancer, as can be measured by the separation value exceed-
ing the threshold value (e.g., when the reference fractional
contribution 1s zero). The amount that the first fractional
contribution exceeds the threshold value can indicate a
certain level of cancer. As another example, the first haplo-
type can be specific to transplanted tissue, and a high
contribution relative to the reference can indicate the organ-
1sm 1s rejecting the transplanted tissue.

In an embodiment where the first haplotype 1s present 1n
normal cells of the organism and not present i abnormal
cells that may be 1n the mixture, the first tissue type can be
determined to have the disease state when the first separation
value 1s less than the threshold value. An example of a
disease state 1s preeclampsia which can be associated with a
spectrum of pathologic changes 1n a fetal tissue such as the
placenta. As an example, 1n such a situation, 1f the first
haplotype 1s specific to the fetus, e.g. paternally inherited
haplotype, 1t may be increased in the maternal plasma 1n a
pregnancy complicated with preeclampsia.

In some embodiments, a second haplotype for the dis-
cased tissue, e.g., the transplanted tissue or a tumor may also
be used. Thus, a second {fractional contribution can be
computed and compared to the reference fractional contri-
bution. Accordingly, a second set of the plurality of cell-free
DNA molecules can each be located at any one of the one or
more loci, include a corresponding second allele on a second
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haplotype of the first chromosomal region, and include at
least one of the N genomic sites. The second haplotype
would have the same property of being only from healthy
cells or abnormal cells.

A plurality of tissue types can be tested (e.g., using
method 100 of FIG. 1), so as to determine a tissue of origin
of the first haplotype, e.g., when 1t 1s associated with cancer.
Accordingly, fractional contributions of other tissue types in
the mixture can be determined using the N first methylation
levels, and corresponding separation values between the
corresponding fractional contributions and respective refer-
ence fractional contribution can be compared to the thresh-
old value to determine a classification of whether each of the
other tissue types has the particular cancer. Diflerent tissue
could have different reference fractional contributions.
VIII. Identifying Tissue of Origin of CNA of Cancer

In some embodiments, an origin of a tumor may not be
known. Thus, 1t can be diflicult to identify point mutations
in a tumor, as may be used for method 1900 of FIG. 19 or
other methods described herein. Additionally, a tumor may
not have a significant number of point mutations, but may
have chromosomal regions exhibiting amplifications and
deletions (examples of copy number aberrations).

To address this problem, embodiments can use a copy
number analysis to identily regions that exhibit a copy
number aberration (CNA). Typically, a CNA occurs on only
one haplotype of a region. As only one haplotype has an
amplification or a deletion, there will be a relatively large
difference between the fractional contributions of the tissue
type within which the tumor resides.

The CNA analysis may be performed 1n a variety of ways,
¢.g., as described 1n U.S. Pat. Nos. 8,741,811 and 9,121,069.
For example, the human genome (or genome for other type
of orgamism) can be partitioned into approximately 3,000
non-overlapping 1-Mb bins. The number of reads mapping,
to each 1-Mb bin can be determined. After correcting for GC
bias (Chen E Z, et al. (2011) PLoS One 6(7):€21791), the
sequence read density of each bin can be calculated. For
cach bin, the sequence read density of the test case can be
compared to the values of the reference control subjects.
Copy number gains and losses may be defined as 3 standard
deviations above and below, respectively, the mean of the
controls. Accordingly, identifying a first chromosomal
region as exhibiting a copy number aberration can be based
on a {irst amount of cell-free DNA molecules that are located
in the first chromosomal region.

To determine the tissue origin of copy number aberrations
in plasma, plasma DNA tissue mapping can be performed
using the methylation markers located within the genomic
regions exhibiting such aberrations i plasma. In the
examples below for the cancer patients, mapping of plasma
DNA copy number aberrations was performed only 1n cases
with aberrations aflecting a contiguous chromosome region
of at least 30 Mb so that a suflicient number of methylation
markers could be used for mapping.

A. Identifying Regions with Copy Number Aberration
(CNA)

A 62-year-old male patient with HCC was recruited from
the Department of Surgery, Prince of Wales Hospital, Hong
Kong with informed consent. Ten milliliters of venous blood
were collected 1n EDTA tubes at diagnosis and 3 months
alter the resection of the tumor. The blood samples were
centrifuged at 3000 g for 10 minutes to separate the blood
cells from the plasma. The plasma was recentrifuged at
30000 g for 10 minutes to remove the remaining cells.

DNA extracted from the blood cells was used for phasing
the SNPs to construct the haplotypes of the patient using the
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10x genomics platform {following the manufacturer’s
instruction. High molecular weight DNA was extracted from

blood or tissue samples using MagAttract HMW DNA kat
(Qlagen, Germany). The quality of DNA was verified by
Genomic DNA Analysis ScreenTape on a 4200 TapeStation
system (Agilent, Germany). DNA was quantified by dsDNA
HS Assay kit on a Qubit 3.0 fluorometer (Thermo Fisher
Scientific, Waltham, Mass.). Sample indexing and library
preparation were performed using the GemCode system and
its associated reagents (10x Genomics, Pleasanton, Calif.)
(Zheng et al. Nat Biotechnol. 2016 March; 34:303-11). In
brief, 1 ng of DNA was mnputted for GEM reactions 1n which
individual DNA molecules were partitioned to introduce
specific barcodes and extend the DNA. After GEM reac-
tions, sequencing libraries were prepared according to the
manufacturer’s recommendations. The libraries were quan-
tified by qPCR using KAPA Library Quantification Kit
(KAPA Biosystems, Wilmington, Mass.). The normalized
libraries were sequenced on a HiSeq 2500 sequencer (I1lu-
mina, San Diego, Calil.), with paired-end sequencing of
98-bp, 14-bp 15 and 8-bp 17 index reads. Sequencing results
were analyzed using Long Ranger software suite (10x
Genomics) so that all heterozygous SNPs were phased and
the two haplotypes of the patient was determined.

The plasma samples were sequenced using the Illumina to
a depth of 17x. Copy number aberrations were detected 1n
the plasma of the HCC patient according to the method as
previously described (Chan et al. Clin Chem. 2013; 59:211-
24).

FIG. 20 shows a plot of copy number aberrations detected
in the plasma of an HCC patient according to embodiments
of the present invention. The inner circle represents the
result of the plasma sample collected at diagnosis (pre-
operation) and the outer circle represents the result of the
plasma sample collected at 3 months after the resection of
the tumor (post-operation). Fach dot represents a 1-Mb
region. The green, red, and grey dots represent regions with
copy number gain, copy number loss and no copy number
change, respectively. Copy number aberrations were
detected 1n the plasma sample at diagnosis and these

changes disappeared after the tumor was removed.

In FIG. 20, two regions are highlighted for having a CNA.
Region 2010 has a copy number gain, and region 2020 has
a copy number loss. The haplotypes of these regions can be
determined using any tissue sample of the subject, and not
just a tumor sample. The difference 1n copy number 1s what
1s driving the difference 1n the fractional contributions, and
that difference should be greatest in the tissue type with the
tumor.

B. Determining the Tissue Origin of the Copy Number
Aberrations

We performed methylation deconvolution analysis for the
two haplotypes independently. For illustration purposes, the
two haplotypes are named Hap I and Hap II. The plasma
DNA molecules covering heterozygous SNPs and at least
one CpG site were used for this analysis. Plasma DNA
molecules carrying the SNP alleles on Hap I were analyzed
independently from those carrying alleles on Hap II. The
methylation status of the CpG sites were used for methyl-
ation deconvolution for molecules mapped to Hap I and Hap
II independently. As a result, the tissue contribution to Hap
I and Hap II 1n plasma DNA could be determined.

First we focused on the regions with amplification. For
illustration purposes, we analyzed the amplified region on
chromosome 1q as an example.
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At diagnosis After tumor resection

Hap I
Hap II

34,119
26,582

11,131
11,176

Table 11 shows the number of sequence reads from the
two haplotypes. At diagnosis, the number of reads mapped
to Hap I was increased compared with the number of reads
mapped to Hap II. This indicated that Hap I 1s amplified
relative to Hap II. This observation 1s compatible with the
fact that a particular chromosome 1s duplicated in cancer
rather than both homologous chromosomes being amplified
to the same extent, which was in line with the fact that the

copy number aberrations occurs preferentially on one hap-
lotype (Adey A. et al, Nature. 2013; 500:207-11; LaFram-

boise T. et al, PLoS Comput Biol. 2003; 1 (6):¢63). The

difference in the dosage of the two haplotypes disappeared
after the tumor was resected. The difference 1n the absolute
sequence reads number between the plasma samples taken at
diagnosis and after tumor resection was due to the difference
in the total number of sequence reads generated for the two
plasma samples.

At diagnosis After tumor resection

Hap 1 Hap Il  Difference Hap I Hap II Diflerence
liver 19.7 8.0 11.7 21.3 21.9 -0.6
Lung 5.4 0 5.4 0 0 0
Colon 0 0 0 0 0 0
Brain 0 0 0 9.0 9.0 0
Heart 0 17.0 -17 3.0 2.5 -0.5
Blood cell 74.9 75.0 0 66.7 66.6 0.1
Total 100 100 0 100 100 0

Table 12 shows a percentage contribution of different
tissues to plasma DNA for the two haplotypes at diagnosis
and after tumor resection. At diagnosis, the contributions of
liver to plasma DNA were 19.7% and 8.0% for Hap I and
Hap II, respectively. A diflerence of 11.7% was the highest
among different types of tissue. This indicated that the
dosage diflerence between Hap I and Hap II in the plasma
was most likely contributed from the contribution of the
liver. This further indicated that the likely origin of the
chromosomal aberration was from the liver because the copy
number changes was most likely due to the duplication of
Hap 1 in the sequence read counts analysis. In another
embodiment, the difference in the contribution for Hap I and
Hap II can be ranked to indicate the relative likelithood of

different tissues being the source of the copy number aber-
rations.

The value for the heart 1s —17, which 1s i the opposite
direction of the copy number aberration identified by Table
11. Thus, although the absolute value for the heart 1s larger
than the absolute value for the liver, the opposite sign would
discount the heart as being a viable candidate for the tissue
type of the origin of the tumor. As the total contribution of
all organs 1s 100%, the positive difference in the contribu-
tions of liver results 1n other tissues having negative values.

Similarly, this haplotype-specific methylation deconvolu-
tion can also be performed on regions with copy number
loss. For illustration purpose, we performed this analysis on
a region on chromosome 1p that exhibited copy number loss.
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At diagnosis After tumor resection
Hap 1 19,973 8,323
Hap II 12,383 7,724

Table 13 shows a number of sequence reads from the two
haplotypes. At diagnosis, the number of reads mapped to
Hap II was decreased compared with the number of reads
mapped to Hap 1. In tumor tissues, most of the regions with
chromosome copy number loss would only ivolve the
deletion of one of the two chromosomes. Thus the relative
reduction 1n the dosage of Hap II was compatible with the
deletion of Hap II. The difference 1n the dosage of the two
haplotypes disappeared after the tumor was resected 1ndi-
cated that the amount of tumor-derived DNA had decreased
or disappeared from the plasma.

At diagnosis After tumor resection
Difference Difference
(Hap I - (Hap I -
Hap I Hap II Hap II) HapI Hap Il  Hap II)
liver 13.3 5.5 7.8 10.2 13.2 -3
Lung 0 0 0 4.1 0.5 3.6
Colon 3.8 0 3.8 8.6 17.5 -R.9
Brain 0 0 0 0 0 0
Heart 3.7 0 3.7 25.5 19.4 6.1
Blood cell 79.2 94.5 -15.3 51.6 49.4 2.2
Total 100 100 0 100 100 0

Table 14 shows a percentage contribution of different
tissues to plasma DNA for the two haplotypes at diagnosis
and after tumor resection. At diagnosis, the contributions of
liver to plasma DNA were 13.3% and 5.5% for Hap I and
Hap II, respectively. A difference of 7.8% was the highest
among different types of tissue. This indicated that the
dosage diflerence between Hap I and Hap II in the plasma
was most likely contributed from the contribution of the
liver. This further indicated that the likely origin of the
chromosomal aberration was from the liver because the copy
number changes was most likely due to the deletion of Hap
II 1n the sequence read counts analysis. In another embodi-
ment, the difference 1n the contribution for Hap I and Hap 11
can be ranked to indicate the relative likelihood of different
tissues being the source of the copy number aberrations.

C. Method of Determining Tissue Origin of Tumor

FIG. 21 1s a flowchart illustrating a method of analyzing
a biological sample of an organism to 1dentily an origin of
a chromosomal aberration according to embodiments of the
present invention. The biological sample includes a mixture
of cell-free DNA molecules from a plurality of tissues types
that include a first tissue type.

At block 2110, a plurality of cell-free DNA molecules
from the biological sample are analyzed. Block 2110 can be
performed using techmques described 1n block 1910 of FIG.
1 and block 140 of method 100 of FIG. 1, as well as other
blocks describing similar features.

At block 2115, a first chromosomal region 1s 1dentified as
exhibiting a copy number aberration in the organism based
on a first amount of cell-free DNA molecules that are located
in the first chromosomal region. As an example, plasma
DNA analysis 1s performed to 1dentify regions that exhibit
copy number aberrations. The aberration can correspond to
over or under-representation. In some embodiments, the
genome can be separated into bins (e.g., 1-Mb bins), and the
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amount of cell-free DNA molecules from a particular bin
can be determined (e.g., by mapping sequence reads to that
part of a reference genome). The amount for a particular bin
can be normalized (e.g., with respect to an average amount
for a bin) can an over or under-representation can be
identified.

Other techniques than counting DNA molecules mapping
to a particular region can be used. For example, a distribu-
tion of sizes of the DNA molecules aligning to the first
chromosomal region can be used to detect the CNA. For
example, cell-free tumor DNA 1s smaller than cell-free DNA
from normal cells. This difference in size can be used to
detect differences 1n a size distribution (e.g., average size or
ratio of number of DNA molecules at different sizes)
between two haplotypes for the region, or between the
region and another region.

At block 2120, a first haplotype and a second haplotype
of the organism in the first chromosomal region are deter-
mined. The two haplotypes may have been determined as
part of block 2115. The two haplotypes can be determined
using the same cell-free mixture or from a different sample,
¢.g., a cellular sample.

At block 2130, one or more heterozygous loci of the first
chromosomal region are 1dentified. Each heterozygous locus
includes a corresponding first allele 1n the first haplotype and
a corresponding second allele 1n the second haplotype.
Block 2130 may be performed 1n a similar manner as other
similar blocks of methods described herein.

At block 2140, a first set of the plurality of cell-free DNA
molecules are 1dentified. Each DNA molecule of the first set
1s located at any one of the one or more heterozygous loci,
includes the corresponding first allele of the heterozygous
locus, and 1ncludes at least one of N genomic sites. N 1s an
integer greater than or equal to 2. Block 2140 may be
performed 1n a similar manner as other similar blocks of
methods described herein.

At block 2150, N first mixture methylation levels at the N
genomic sites are measured using the first set of the plurality
of cell-free DNA molecules. Block 2150 may be performed
in a similar manner as other similar blocks of methods
described herein.

At block 2160, a second set of the plurality of cell-free
DNA molecules 1s 1dentified. Each DNA molecule of the
second set 1s located at any one of the one or more
heterozygous loci, includes the corresponding second allele
of the heterozygous locus, and includes at least one of the N
genomic sites. Block 2160 may be performed 1 a similar
manner as other similar blocks of methods described herein.

In some embodiments, a first number of cell-free DNA
molecules 1n the first set of the plurality of cell-free DNA
molecules can be determined, and a second number of
cell-free DNA molecules 1n the second set of the plurality of
cell-free DNA molecules can be determined, e.g., as shown

11. It can be determined which number i1s higher,

in table
thereby providing information about the expected separation
value for the tissue of origin, e.g., which haplotype should
have a higher fractional contribution.

The first set of the plurality of cell-free DNA molecules
can have a first size distribution, and the second set of the
plurality of cell-free DN A molecules can have a second size
distribution. A statistical value of a size distribution of the
DNA molecules can be determined for each haplotype,
thereby providing a first statistical value and a second
statistical value. The haplotype with the smaller size distri-
bution would be expected to have a higher copy number than
the other haplotype, as tumor cell-free DNA 1s known to be

smaller, as described 1n U.S. Pat. No. 8,741,811. Examples
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ol a statistical value of a size distribution are a ratio of a
number of DNA molecules at different sizes, an average size,
or a percentage of the DNA molecules at a specific size (e.g.,
below a size cutoil).

At block 2170, N second mixture methylation levels at the
N genomic sites are measured using the second set of the

plurality of cell-free DNA molecules. Block 2170 may be
performed 1n a similar manner as other similar blocks of
methods described herein.

Blocks 2180 and 2190 may be performed for each of a
plurality of M tissue types. The M tissue types can include
a default list of tissue types that are screened and for which
reference methylation levels may be known. The default list
can include tissues that cancer 1s most predominantly seen.
M 1s an iteger greater than one.

At block 2180, a computer system determines a corre-
sponding {irst fractional contribution of the tissue type 1n the
mixture using the N first methylation levels. The computer
system determines a corresponding second fractional con-
tribution of the tissue type 1n the mixture using the N second
methylation levels. Block 2180 may be performed in a
similar manner as other similar blocks of methods described
herein.

At block 2190, a corresponding separation value between
the corresponding first fractional contribution and the cor-
responding second fractional contribution 1s computed. Vari-
ous separation values can be used, e.g., as are described
herein.

At block 2195, the first tissue type 1s 1dentified as being
an origin of the copy number aberration based on a first
separation value of the first tissue type having a maximal
value among the corresponding separate values. The deter-
mination can require that the highest separation value be
sulliciently higher than the second highest separation value.
For example, the difference can be required to be at least a
threshold value, e.g., 1%, 2%, 35, 4%, 3%, 6%, or 7%. In
one 1mplementation, a difference between the first separa-
tion value and a next highest separation value can be
compared to a threshold to determine a classification of how
likely the first tissue type 1s the origin of the copy number
aberration. Thus, even 1f the diflerence 1s not above the
threshold, a probability or other classification can be pro-
vided. For instance, a linear relationship can be used from O
to the threshold, where the probability 1s 100% once the
difference 1s equal to the threshold.

Depending on how the separation value 1s determined, the
maximal value can be a maximum negative number or a
maximum positive number. For example, the difference
values 1n table 14 could be determined using Hap II-Hap 1.
Whether the maximum should be a positive or a negative
value can be determined using the analysis of DNA mol-
ecules on each haplotype, e.g., a count as in Table 13 or a
s1ze analysis as described above. In some implementations,
the separation value can always be determined such that a
maximum positive value 1s expected, e.g., by subtracting the
fractional contribution of the haplotype with a lower copy
number from the fractional contribution of the haplotype
with the higher copy number.

After the origin 1s 1dentified, an investigation using 1imag-
ing modalities, e.g. computed tomography (CT) scan or
magnetic resonance imaging (MM), of the subject (entire
subject or specifically of the candidate organ) can be per-
formed to confirm or rule out the presence of a tumor in the
organ. I presence of a tumor 1s confirmed, treatment can be
performed, e.g., surgery (by a knife or by radiation) or
chemotherapy.
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IX. Computer System

Any of the computer systems mentioned herein may
utilize any suitable number of subsystems. Examples of such
subsystems are shown 1n FIG. 22 1n computer apparatus 10.
In some embodiments, a computer system includes a single
computer apparatus, where the subsystems can be the com-
ponents of the computer apparatus. In other embodiments, a
computer system can include multiple computer appara-
tuses, each being a subsystem, with internal components. A
computer system can include desktop and laptop computers,
tablets, mobile phones and other mobile devices.

The subsystems shown 1n FIG. 22 are interconnected via
a system bus 75. Additional subsystems such as a printer 74,
keyboard 78, storage device(s) 79, monitor 76, which 1s
coupled to display adapter 82, and others are shown. Periph-
erals and mput/output (I/O) devices, which couple to 1/0
controller 71, can be connected to the computer system by
any number of means known 1n the art such as input/output
(I/O) port 77 (e.g., USB, FireWire®). For example, 1/O port
77 or external interface 81 (e.g. Ethernet, Wi-Fi, etc.) can be
used to connect computer system 10 to a wide area network
such as the Internet, a mouse 1mput device, or a scanner. The
interconnection via system bus 75 allows the central pro-
cessor 73 to communicate with each subsystem and to
control the execution of a plurality of instructions from
system memory 72 or the storage device(s) 79 (e.g., a fixed
disk, such as a hard drive, or optical disk), as well as the
exchange of information between subsystems. The system
memory 72 and/or the storage device(s) 79 may embody a
computer readable medium. Another subsystem 1s a data
collection device 85, such as a camera, microphone, accel-
crometer, and the like. Any of the data mentioned herein can
be output from one component to another component and
can be output to the user.

A computer system can include a plurality of the same
components or subsystems, e.g., connected together by
external interface 81 or by an internal interface. In some
embodiments, computer systems, subsystem, or apparatuses
can communicate over a network. In such instances, one
computer can be considered a client and another computer a
server, where each can be part of a same computer system.
A client and a server can each include multiple systems,
subsystems, or components.

Aspects of embodiments can be implemented 1n the form
of control logic using hardware (e.g. an application specific
integrated circuit or field programmable gate array) and/or
using computer software with a generally programmable
processor in a modular or integrated manner. As used herein,
a processor includes a single-core processor, multi-core
processor on a same integrated chip, or multiple processing,
units on a single circuit board or networked. Based on the
disclosure and teachings provided herein, a person of ordi-
nary skill in the art will know and appreciate other ways
and/or methods to implement embodiments of the present
invention using hardware and a combination of hardware
and software.

Any of the software components or functions described 1n
this application may be implemented as software code to be
executed by a processor using any suitable computer lan-
guage such as, for example, Java, C, C++, C #, Objective-C,
Swilt, or scripting language such as Perl or Python using, for
example, conventional or object-oriented techniques. The
soltware code may be stored as a series of instructions or
commands on a computer readable medium for storage
and/or transmission. A suitable non-transitory computer
readable medium can include random access memory
(RAM), a read only memory (ROM), a magnetic medium
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such as a hard-drive or a floppy disk, or an optical medium
such as a compact disk (CD) or DVD (digital versatile disk),

flash memory, and the like. The computer readable medium
may be any combination ol such storage or transmission
devices.

Such programs may also be encoded and transmitted
using carrier signals adapted for transmission via wired,
optical, and/or wireless networks conforming to a variety of
protocols, including the Internet. As such, a computer read-
able medium may be created using a data signal encoded
with such programs. Computer readable media encoded with
the program code may be packaged with a compatible
device or provided separately from other devices (e.g., via
Internet download). Any such computer readable medium
may reside on or within a single computer product (e.g. a
hard drive, a CD, or an entire computer system), and may be
present on or within different computer products within a
system or network. A computer system may include a
monitor, printer, or other suitable display for providing any
of the results mentioned herein to a user.

Any of the methods described herein may be totally or
partially performed with a computer system including one or
more processors, which can be configured to perform the
steps.

Thus, embodiments can be directed to computer systems
configured to perform the steps of any of the methods
described herein, potentially with diflerent components per-
forming a respective steps or a respective group of steps.
Although presented as numbered steps, steps of methods
herein can be performed at a same time or in a diflerent
order. Additionally, portions of these steps may be used with
portions of other steps from other methods. Also, all or
portions of a step may be optional. Additionally, any of the
steps of any of the methods can be performed with modules,
units, circuits, or other means for performing these steps.

The specific details of particular embodiments may be
combined 1n any suitable manner without departing from the
spirit and scope of embodiments of the mmvention. However,
other embodiments of the mvention may be directed to
specific embodiments relating to each individual aspect, or
specific combinations of these individual aspects.

The above description of example embodiments of the
invention has been presented for the purposes of illustration
and description. It 1s not intended to be exhaustive or to limait
the mvention to the precise form described, and many
modifications and variations are possible 1 light of the
teaching above.

A recitation of “a”, “an” or “the” 1s intended to mean “one
or more” unless specifically indicated to the contrary. The
use of “or” 1s intended to mean an “inclusive or,” and not an
“exclusive or” unless specifically indicated to the contrary.
Reference to a “first” component does not necessarily
require that a second component be provided. Moreover
reference to a “first” or a “second” component does not limit
the referenced component to a particular location unless
expressly stated.

All patents, patent applications, publications, and descrip-
tions mentioned herein are incorporated by reference 1n their
entirety for all purposes. None 1s admitted to be prior art.

What 1s claimed 1s:

1. A method of determining a portion of a fetal genome of
an unborn fetus of a pregnant female using a biological
sample from the pregnant female, wherein the biological
sample including a mixture of cell-free DNA molecules
from a plurality of tissues types, including maternal tissue
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types and a fetal tissue type, the unborn fetus having a father
and a mother being the pregnant female, the method com-
prising:

analyzing, by a computer system, a plurality of cell-free
DNA molecules from the biological sample, the plu- 5
rality of cell-free DNA molecules being at least 1,000
cell-free DNA molecules, wherein analyzing a cell-free
DNA molecule includes:
identifying a location of the cell-free DNA molecule 1n
a reference human genome; and
determining a respective allele of the cell-free DNA
molecule;
determining a first haplotype and a second haplotype of a
first chromosomal region of a first parental genome of
a first parent of the unborn fetus;
identifying one or more heterozygous loci of the first
chromosomal region of the first parental genome, each
heterozygous locus including a corresponding first
allele 1n the first haplotype and a corresponding second
allele 1n the second haplotype;
identifying a first set of the plurality of cell-free DNA
molecules that each:
1s located at any one of the one or more heterozygous
loci,
includes the corresponding first allele of the heterozy-
gous locus, and
includes at least one of N genomic sites, N being an
integer greater than or equal to 2;
measuring N first mixture methylation levels at the N
genomic sites using the first set of the plurality of 30
cell-free DNA molecules:
determining, by the computer system, a {first fractional
contribution of the fetal tissue type 1 the mixture using

the N first mixture methylation levels;

identifying a second set of the plurality of cell-free DNA 35
molecules that each:
1s located at any one of the one or more heterozygous

loci,

includes the corresponding second allele, and
includes at least one of the N genomic sites;

measuring N second mixture methylation levels at the N
genomic sites using the second set of the plurality of
cell-free DNA molecules:;

determining, by the computer system, a second fractional
contribution of the fetal tissue type 1n the mixture using
the N second mixture methylation levels;

computing a first separation value between the first frac-
tional contribution and the second fractional contribu-
tion; and

determining the portion of the fetal genome at the one or
more heterozygous loci based on the first separation
value.

2. The method of claim 1, wherein the one or more
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heterozygous loci are a first plurality of heterozygous loci.

3. The method of claim 2, wherein the first haplotype 1s 55

a first maternal haplotype, and wherein the second haplotype
1s a second maternal haplotype.

4. The method of claim 3, further comprising:

identifying a second plurality of heterozygous loci of the
first chromosomal region in a paternal genome, each of 60
the second plurality of heterozygous loci including a
corresponding third allele in a first paternal haplotype
and a corresponding fourth allele 1n a second paternal
haplotype, wherein the paternal genome corresponds to
the father of the unborn fetus;

identifying a third set of the plurality of cell-free DNA
molecules that each:
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1s located at any one of the second plurality of het-
erozygous loci,

includes the corresponding third allele of the heterozy-
gous locus, and

includes at least one of K genomic sites;

measuring K third mixture methylation levels at the K

genomic sites using the third set of the plurality of

cell-free DNA molecules:

determining a third fractional contribution of the {fetal

tissue type 1n the mixture using the K third mixture
methylation levels;

identifying a fourth set of the plurality of cell-free DNA

molecules that each:

1s located at any one of the second plurality of het-
erozygous loci,

includes the corresponding fourth allele of the het-
erozygous locus, and

includes at least one of the K genomic sites;

measuring K fourth mixture methylation levels at the K

genomic sites using the fourth set of the plurality of

cell-free DNA molecules:

determining a fourth fractional contribution of the fetal

tissue type in the mixture using the K fourth mixture
methylation levels;

computing a second separation value between the third

fractional contribution and the fourth fractional contri-
bution; and

determiming the portion of the fetal genome at the second

plurality of heterozygous loci based on the second
separation value.

5. The method of claim 2, wherein the first separation
value 1s a ratio of the first fractional contribution and the
second fractional contribution, and wherein the portion of
the fetal genome 1s determined to have the first haplotype
and the second haplotype when the ratio 1s equal to one
within a cutofl value.

6. The method of claim 2, wheremn the first separation
value 1s a diflerence of the first fractional contribution and
the second fractional contribution.

7. The method of claim 2, wherein the portion of the fetal
genome 1s determined to have one or more copies of the first
haplotype and no copies of the second haplotype when the
first separation value 1s greater than a threshold value.

8. The method of claim 2, wherein the portion of the fetal
genome 1s determined to have one or more copies of the
second haplotype and no copies of the first haplotype when
the first separation value 1s less than a threshold value.

9. The method of claim 1, wherein N 1s 10 or more.

10. The method of claim 1, wherein the N first mixture
methylation levels form a methylation vector b, and wherein
determining the first fractional contribution of the fetal
tissue type includes:

for each of M tissue types:

obtaining N tissue-specific methylation levels at the N
genomic sites, N being greater than or equal to M,
wherein the N tissue-specific methylation levels
form a matrix A of dimensions N by M, the M tissue
types including the fetal tissue type;

solving for a composition vector x that provides the

methylation vector b for the matrix A; and

for each of one or more components of the composition

vector X:

using the component to determine a corresponding
fractional contribution of a corresponding tissue type
of the M tissue types 1n the mixture.

11. The method of claim 10, wherein the M tissue types
include liver, lung, neutrophils, lymphocytes, erythroblasts,
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heart, large intestines, small intestines, and placenta,
wherein the fetal tissue type 1s the placenta.

12. The method of claim 1, wherein measuring the N {irst
mixture methylation levels at the N genomic sites icludes
analyzing methylation-aware sequencing results, and
wherein the locations of the plurality of cell-free DNA
molecules are determined using the methylation-aware
sequencing results.

13. The method of claim 1, wherein the first separation
value 1ncludes a ratio of the first fractional contribution and
the second fractional contribution.

14. The method of claim 1, wherein the first separation
value includes a difference of the first fractional contribution
and the second fractional contribution.

15. The method of claim 1, wherein analyzing the plu-
rality of cell-free DNA molecules comprises bisuliite
sequencing, sequencing preceded by methylation-sensitive
restriction enzyme digestion, immunoprecipitation using
anti-methylcytosine antibody or methylation binding pro-
tein, or single molecule sequencing that allows elucidation
of a methylation status of a cell-free DNA molecule at a
genomic site.
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16. The method of claim 1, wherein analyzing the cell-
free DNA molecules comprises:

performing a methylation-aware assay on the plurality of

cell-free DNA molecules.

17. The method of claim 16, wherein the methylation-
aware assay includes methylation-aware sequencing.

18. The method of claim 17, wherein the methylation-
aware sequencing 1s performed genome-wide.

19. The method of claim 18, wherein the methylation-
aware sequencing includes:

treating the plurality of cell-free DNA molecules with

sodium bisulfate; and

performing random sequencing of the treated cell-free

DNA molecules.

20. The method of claim 16, wherein performing the
methylation-aware assay includes performing PCR using
probes that targets the one or more heterozygous loci.

21. The method of claim 16, further comprising;

purilying the biological sample for the mixture of cell-

free DNA from a cellular portion of the biological
sample.
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